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 Zusammenfassung 
 
 
Zusammenfassung 
Die Verwendung von in Schlitzen eingeklebten Lamellen aus kohlenstofffaserverstärkten 
Kunststoffen (CFK) stellt eine vielversprechende Methode zur Verstärkung und 
Ertüchtigung von Stahlbetonbauteilen dar. Sowohl hinsichtlich der Biegetragfähigkeit als 
auch der Querkrafttragfähigkeit wurde dieses Verfahren bereits erfolgreich eingesetzt. 
Bisher wurden verschiedene experimentelle und theoretische Untersuchungen an mit 
CFK-Lamellen verstärkten Stahlbetonbauteilen durchgeführt. Der Einfluss des 
unterschiedlichen Verbundverhaltens und der Spannungsumlagerung wurde hierbei 
jedoch noch nicht ausreichend untersucht. Dies betrifft ebenfalls den Einfluss der 
oberflächennahen in Schlitzen eingeklebten CFK-Lamellen auf die Zugversteifung 
(tension stiffening) und die Rissbildung. 
Im Rahmen des vorliegenden Forschungsvorhabens wurde ein analytisches Modell 
entwickelt, das den Einfluss des unterschiedlichen Verbundverhaltens und die 
Spannungsumlagerung zwischen Betonstahlbewehrung und CFK-Lamellen 
berücksichtigt. Dieses basiert auf einer Spannungsbegrenzung und einer 
Rissbreitenüberprüfung unter Gebrauchslasten (SLS). Hierzu wurden einaxiale 
zentrische Zugversuche an insgesamt zehn Probekörpern durchgeführt, die sich in drei 
Referenzversuche an unverstärkten Stahlbetonbauteilen ohne CFK-Lamellen und sieben 
Versuche an Probekörpern mit CFK-Lamellen unterteilen. Hierbei wurde das Verhältnis 
der Querschnittsfläche der CFK-Lamellen und Betonstahlbewehrung Af/As, der Abstand 
der nachträglichen ergänzten CFK-Lamellen und die Belastungsart (statisch, zyklisch) 
variiert und ihr Einfluss auf die Rissbildung und Spannungsumlagerung untersucht. Das 
entwickelte Modell ermöglicht die Spannungsermittlung der Betonstahlbewehrung und 
der CFK-Lamellen. 
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Abstract 
The use of near-surface mounted (NSM) laminate strips made of carbon fiber-reinforced 
polymer (CFRP) is one of the most recent and promising techniques for the repair and 
rehabilitation of reinforced concrete (RC) members. This technique has recently proved 
its applicability to improve flexural and or shear capacity of structural members. 
 
Several studies on experimental and analytical models of RC members strengthened 
with NSM laminate CFRP strips have been conducted. However, the influence of 
different bond behavior and the stress redistribution in RC members strengthened with 
fibers has not been sufficiently investigated. Also the influence of strengthening with 
NSM laminate CFRP strips on the tension stiffening and cracking of reinforced concrete 
members has not been sufficiently studied. 
 
In this research an analytical model is proposed that takes into account the influence of 
different bond behavior and stress redistribution between steel reinforcement and 
laminate CFRP strips on stress limitation and crack control under service loadings (SLS). 
Ten uniaxial tensile tests were carried out. Three specimens without laminate strips were 
used as reference specimens, while seven specimens were strengthened with laminate 
CFRP strips. The influence of the ratio between the CFRP strips cross section Area 
(ACFRP) and steel area (ASteel), the distance between the strips, the cracking and the type 
of load (static or cyclic) on the stress redistribution is studied. Based on the proposed 
analytical model it is possible to predict the stress in the steel reinforcement and laminate 
CFRP strips. 
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For the purposes of this study, the following symbols and units apply. 
 
Units 
Tension load: kN 
Density: Kg/m3 
Unit weight: kN/m3 
Stress: N/mm2, MN/m2 
 
 
Latin upper case letters: 
A, B Constants 
A Cross sectional area 
Ac Cross sectional area of concrete 
Ac,eff Effect area of concrete in tension 
As Cross sectional area of reinforcement 
Af Cross sectional area of fiber 
E Modulus of elasticity 
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Ec,m Average modulus of elasticity of concrete 
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fy Yield strength of reinforcement 
fyd Design yield strength of reinforcement 
fyk Characteristic yield strength of reinforcement 
l Length, Span 
le Load transmission length 
les Load transmission length of steel reinforcement 
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ss Slip, displacement of steel reinforcement 
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fm Average strain in the fiber 
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Chapter 1 
 
1   Introduction 
1.1 Brief overview 
The use of near-surface mounted (NSM) laminate strips made of carbon fiber-
reinforced polymer (CFRP) is one of the most recent and promising techniques for 
the repair and rehabilitation of reinforced concrete (RC) members. This technique 
has recently proved its applicability to improve flexural and or shear capacity of 
structural members. Several studies on experimental and analytical models of RC 
members strengthened with NSM laminate CFRP strips have been conducted. 
However, the influence of different bond behavior and the stress redistribution in 
RC members strengthened with fibers have not been sufficiently investigated. Also 
the influence of strengthening with NSM laminate CFRP strips on the tension 
stiffening and cracking of reinforced concrete members has not been sufficiently 
studied. In this research an analytical model is proposed that takes into account 
the influence of different bond behavior and stress redistribution between steel 
reinforcement and laminate CFRP strips on stress limitation and crack control 
under service loadings (SLS). Ten uniaxial tensile tests are carried out. Three 
specimens without laminate strips are used as reference specimens, while seven 
specimens are strengthened with laminate CFRP strips. The influence of the ratio 
between the CFRP strips cross section Area (ACFRP) and steel area (ASteel), the 
distance between the strips, the cracking and the type of load (static or cyclic) on 
the stress redistribution is studied. Based on the proposed analytical model it is 
possible to predict the stress in the steel reinforcement and laminate CFRP strips. 
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1.2 Objectives of the Study 
The aim of the present thesis is to investigate the influence of different bond 
behavior characteristics and stress redistribution between the steel reinforcement 
and CFRP strips on the stress limitation and crack control under service loadings 
(serviceability limit states) in RC members strengthened with near-surface 
mounted CFRP strips. In addition, the influence of strengthening with NSM 
laminate CFRP strips on the tension stiffening and cracking of reinforced concrete 
members is to be studied. 
 
The objectives of this research study can be summarized as follows: 
1- Study the effect of the cracking state on the steel reinforcement stress fus 
and the fiber stress fuf, as well as the crack width and spacing. 
2- Study the effect of fiber/steel reinforcement area ratio on the steel 
reinforcement stress fus, the fiber stress fuf, the crack width and spacing. 
3- Study the effect of static and cyclic load on the steel reinforcement stress 
fus, the fiber stress fuf, as well as the crack width and spacing. 
4- Study the effect of the different bond behavior of the fiber and the steel 
reinforcement on the steel reinforcement stress fus and the fiber stress fuf. 
5- Propose an analytical model to predict the stresses in the steel and fiber 
reinforcement, as well as to calculate the average crack width for steel 
reinforced members strengthened with CFRP strips. 
6- Provide criteria that can be used in the development of design guidelines. 
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1.3 Definition of the Problem
In order to design RC members strengthened with fiber usually a perfect bond 
between steel/fiber reinforcement and concrete is assumed. Moreover, the steel 
strain is assumed equal to the concrete strain at the same position. These 
assumptions are not accurate to check the steel stress at the ultimate limit state, 
because the different bond behavior of steel/fiber reinforcement is not taken into 
consideration. Thus, the effect of the real load distribution on the behavior of 
structural elements strengthened with NSM strips needs to be investigated. 
  
1.4 Thesis Outline 
In order to get an overview of this thesis the following is a brief description of the 
contents of each chapter  
Chapter 2 presents the background of strengthening of structures with FRP   
systems. 
Chapter 3 reviews the bond behavior of steel reinforcement. 
Chapter 4 describes the stress redistribution in RC members strengthened with 
CFRP strips.  
Chapter 5 describes the experimental program conducted at the RWTH Aachen 
University.  
Chapter 6 presents the results of the experimental program. 
Chapter 7 presents the general conclusions and recommendations for future work. 
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Chapter 2
 
 
 
2    Rehabilitation and Strengthening of RC Members with FRP 
2.1  Introduction 
Nowadays Fiber Reinforced Polymer (FRP) materials are widely used in many 
industries, such as the airline industry, the car industry and the construction 
industry. Important application fields in the construction industry are the 
strengthening of existing structures with externally/near surface mounted FRP 
reinforcement as well as the reinforcement of concrete structures with internal 
FRP bars [70]. 
The deterioration of some civil engineering structural elements, and the need to 
upgrade others to service requirements and capacities beyond those for which the 
systems were initially designed, has placed demands on structural engineers to 
develop new and effective strengthening and rehabilitation techniques. The 
maintenance of these degraded structures has become one of the fastest growing 
and most important challenges confronting structural engineers worldwide [87]. In 
this chapter a brief overview of the FRP strengthening technique for RC structures 
is given. The properties of the involved materials, like the adhesives and FRP are 
discussed. The different FRP strengthening techniques and the corresponding 
advantages and disadvantages are highlighted. In addition, the failure modes of 
FRP strengthened RC structures are reviewed. 
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2.2    Fiber Reinforced Polymers (FRP) Composites 
Fibers and resins contribute to specific physical and mechanical properties of the 
resulting composite materials affecting their performance in service. Because of 
the relatively large variety of fibers and resins in the market, a wide variety of 
material properties can be expected in FRP that can make them specifically 
suitable for particular applications. The function that each material component has 
in the resulting composite material is discussed in this section.  
The most common types of fibers and resins used for structural applications are 
discussed in the following sections 2.2.1 to 2.2.3. Typical manufacturing 
techniques of composite materials are presented in Section 2.2.4. 
 
2.2.1    Fibers 
FRP reinforcement is a composite that is composed of small filaments ( 5-20 
m) embedded in a polymer matrix [70]. The most commonly used high 
performance filaments for FRP reinforcement are carbon, aramid and glass fibers. 
The main differences between these types of fibers are the resistance against 
environmental influences and the mechanical properties. Carbon fibers are in 
most cases preferred in the construction industry, as they have good mechanical 
properties, like a high strength and Young‟s modulus (Table 2-1). Glass fibers are 
generally cheaper compared to carbon fibers, while aramid fibers have a better 
impact resistance and a lower density. 
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Type 
Young‟s modulus 
[N/mm2] 
Tensile strength 
[N/mm2] 
Ultimate tensile 
strain [%] 
Aramid 70.000 - 130.000 3500 - 4100 2.5 - 5.0 
Carbon 215.000 - 700.000 2100 - 6000 0.2 - 2.3 
Glass 70.000 - 90.000 1900 - 4800 3.0 - 5.5 
Table 2.1: Mechanical properties of fibers (fib 2001) [70] 
 
2.2.2    Matrix 
The fibers in FRP reinforcement are generally embedded in a polymer matrix. The 
main function of the polymer matrix is to spread the load between the individual 
fibers and to protect the fibers against environmental influences, like moisture, 
corrosion and wear. Polymers are formed from a non-reversible chemical reaction 
by mixing a resin with a hardener or catalyst. The Polymer matrix is usually a 
polyester, vinylester or epoxy, which are all thermosetting polymers, also referred 
to as thermosets (Table 2.2). 
 
Matrix 
type 
Young‟s modulus 
[N/mm2] 
Tensile strength 
[N/mm2] 
Ultimate tensile 
strain [%] 
Glass transition 
temperature [ºC] 
Polyester 3200-3500 60-85 2-5 100-140 
Vinylester 3300 70-80 5-6 210-340 
Epoxy 2000-4000 80-150 1-8 50-260 
Table 2.2: Mechanical properties of polymer matrix materials 
 
 2  Rehabilitation and Strengthening of RC Members with FRP   
8 
 
2.2.3    Role of Fibers and Resins in FRP 
As in any composite material, mechanical properties of polymer composites are 
affected by the properties of the constituent materials (fibers and resins). Fibers 
primarily control the stiffness and strength of the resulting composite material. The 
arrangement of fibers (fiber architecture) within a composite material strongly 
affects many of its properties. Fiber volume fraction, defined as the ratio between 
fiber volume and composite volume, is typically used as a measure of fiber 
content in composites. Higher fiber volume fractions result in composites with 
higher tensile strength and modulus. Fibers can be arranged ideally in hexagonal, 
square, or irregular lattices (fiber packing). There is a theoretical upper limit on the 
number of fibers that can be accommodated for each fiber packing arrangement. 
For example, fibers placed in contact forming hexagonal or square arrays result in 
theoretical fiber volume fractions of 0.80 or 0.75, respectively. A practical upper 
limit on fiber volume fraction is approximately 0.70 [91]. 
The resin forms a matrix surrounding the fibers and is mainly responsible for 
stress transfer between fibers and protects fibers from chemical or environmental 
attack. The surface area between fibers and matrix is known as the interface 
between the materials. Stress transfer between matrix and fibers occurs at the 
interface, so fiber surfaces are often treated during fabrication with chemical 
agents that promote bonding and ensure compatibility between fiber and resin. 
 
 
 
 2  Rehabilitation and Strengthening of RC Members with FRP   
9 
 
2.2.4    Fabrication Process 
The FRP composite materials used for upgrading concrete, masonry and timber 
members are generally the high-modulus CFRP, AFRP, GFRP composites, and 
for upgrading metallic members are the high-modulus or ultrahigh-modulus CFRP 
composites. These composites are fabricated and added to the structural 
members by one of the following methods: 
(1) The pultrusion technique is a manufacturing method used to make strong light 
weight composite materials. The FRP reinforcement, both as internal 
reinforcement bar and as externally bonded laminate, is fabricated in a pultrusion 
process, by pulling fibers from a creel through a polymer matrix (Figure 2.1). The 
polymer matrix and fibers are then pulled through a heated chamber, where the 
fibers are impregnated and the material is cured and shaped. At the end of the 
process the reinforcement is cut to length. 
 
 
 
                                  a=coil socket                                  b=Impregnation bath       c=nozzle 
                                  d=high frequency electrode       e=Post curing                      f=Pulling equipment 
Figure2.1: Pultrusion process for FRP laminates 
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The stress-strain relation of FRP reinforcement is linear elastic up to failure, which 
implies that it fails brittle. Figure 2.2 shows the variation in the stress-strain 
relations for different types of FRP reinforcement that are produced with carbon, 
aramid and glass fibers, as well as for steel. 
(2) The hot-melt FRP prepreg/adhesive film is placed onto the structural member, 
and both components are cured simultaneously on site under pressure and 
elevated temperature [109]. 
(3) The wet lay-up process, in which the matrix of the composite also acts as the 
adhesive [88]. This system gives the greatest flexibility in the field, and is the 
cheapest method; [96] it is sensitive to unevenness, and can lead to debonding 
[110]. 
(4) Power-actuated fastening (pins) for fastening FRP composites. This system is 
a viable alternative to the adhesive bonding of a preformed pultruded section; 
currently it is considered to be a temporary technique. The system mechanically 
fastens the FRP plate to the RC beam by many closely spaced steel Power-
actuated fastening (pins) and a limited number of steel expansion anchors. The 
method has been developed by researchers at the University of Wisconsin, 
Madison, USA [19]. 
(5) The near-surface-mounted (NSM) FRP composite reinforcement technique. 
CFRP, AFRP and GFRP composites can be utilized, and generally the cross-
section of the FRP member is either circular or rectangular. The NSM FRP 
reinforcement is embedded and bonded into the cut grooves with an appropriate 
binder (usually high viscosity epoxy or cement paste) [55]. 
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Figure2.2: Uni-axial stress-strain relations in tension for FRPs and steel [70] 
2.2.5    Advantages of FRP 
The use of FRPs materials for structural repair and strengthening has 
continuously increased during previous years, due to several advantages 
associated with these composites when compared to conventional materials like 
steel. These benefits include low weight, easy installation, high durability and 
tensile strength, electromagnetic neutrality and practically unlimited availability in 
size, geometry and dimension [7][32]. 
 
2.3    FRP Strengthening Techniques 
In the early nineties of the last century, a real explosion of research and 
development took place through the use of fiber reinforced polymers (FRP) for 
strengthening applications. During the last period, several strengthening 
techniques have been investigated to discover new ways towards extending the 
service life of existing concrete structures. 
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2.3.1    Externally Bonded FRP Technique for Flexural Strengthening 
The Externally Bonded (EB) FRP comes in a variety of forms, including wet lay-up 
systems and procured systems. Wet lay-up FRPs consist of dry unidirectional or 
multidirectional fiber sheets or fabrics impregnated with a saturating resin on site. 
Precured FRP consist of a wide variety of composite shapes manufactured off-
site. Typically, an adhesive along with the primer and putty is normally used to 
bond the procured shapes to the concrete surface. Precured FRP include 
unidirectional laminates, multi directional grid and procured shells. 
 
 
2.3.1.1 Background 
The use of EB FRPs for strengthening RC structures has been studied by 
numerous researchers since 1982 [ISIS] [93]. Externally bonded FRP sheet/strips 
have been successfully applied to RC beams by Meier el al [111]. Saadatmanesh 
el al. 1989 [132] studied the effect of using different areas of GFRP on flexural 
strengthening. The test results showed that flexural strength increased with 
increasing area of the GFRP sheets. Ritchie et al. 1991 [128] used iterative 
analysis to predict the flexural stiffness and strength of FRPs concrete beams. 
The analytical model was not verified completely by experimental testing due to 
lack of failures within the constant moment region. However, for those beams that 
failed in flexure, the model appeared to predict the flexural behavior fairly 
accurately. Mckenna 1993 [108] investigated the use of CFRP and GFRP to 
strengthen RC beams under static loads. All beams were monotonically loaded. 
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Their test results showed that a significant increase in the flexural capacity of the 
strengthened RC beams was observed. Triantafillou et al.1992 [142] performed an 
analytical study to predict modes of failure of RC beams strengthened with FRP 
sheets under static loads. The results of their model were later supported by 
testing a series of RC beams. They found that de-bonding of FRP limited the 
number of FRP layers that could be used. Hutchinson et al. 1993 [92] tested thirty 
2.1 m long RC beams under static loads to investigate the changes in flexural 
behavior when the beams were strengthened with GFRP and CFRP sheets. 
Various variables were studied including FRP type. Their experimental results 
showed that using either GFRP or CFRP increased the flexural capacity of their 
RC beams. Meier et al. 1995 [111] performed a fatigue test on a RC beam 
strengthened with CFRP. The beam was tested under six point loading using a 
realistic fatigue load range up to 10.7 million loading cycles to verify the excellent 
performance of CFRP in fatigue resistance. A method for prestressing the 
laminates to increase the service load of the structure was also proposed. Due to 
bond failure between the FRP and concrete or tensile peeling of the cover 
concrete the premature failure of externally-bonded FRP sheets and plates can 
occur before the ultimate flexural capacity of the strengthened section is achieved. 
Available research documenting this behavior is abundant. Nguyen et al. 2001 
[119] observed only a limited increase in flexural capacity for beams strengthened 
with partial length longitudinal CFRP sheets due to premature delamination, or 
ripping, of the concrete cover surrounding the steel reinforcement. Grace et al. 
2002 [76] identified brittle failure by shear tension and debonding, respectively. 
Brena et al. 2003 [27] reported debonding of longitudinal CFRP sheets at 
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deformation levels less than half the deformation capacity of control specimens. 
Shin et al. 2003 [135] reported failure of beams held under sustained load and 
strengthened with CFRP laminates due to rip-off type failure of the CFRP at loads 
well below the ultimate flexural capacity of the sections.  
In addition to problems associated with bond failure, external FRP plates are 
vulnerable to mechanical, thermal, and environmental damage. It should be noted, 
however, that mechanical anchors can be used to improve the peel resistance of 
externally bonded FRP. 
In response to the detrimental conditions associated with externally bonded FRP, 
engineers have proposed relocating the strengthening FRP material from the 
unprotected exterior of the concrete to the protected interior. This technology is 
referred to as near-surface mounted (NSM) strengthening and is explained in 
detail in Section (2.3.2). 
 
2.3.1.2 Failure Modes  
The failure modes described in this section are for externally bonded FRP 
reinforcement only. Three major categories of failure modes can be distinguished 
that are governing the design of a FRP strengthened structure; flexural failure, 
shear failure and debonding of the externally bonded FRP reinforcement. 
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(1) Flexural Failure  
Three types of flexural failure of a FRP strengthened structure can be 
distinguished in literature [70][107], yielding of the internal steel reinforcement 
followed by FRP rupture (Figure 2-3a), yielding of the internal steel reinforcement 
followed by concrete crushing, or concrete crushing without yielding of the steel 
reinforcement (Figure 2.3.b).  
FRP rupture is generally governing the design when anchorage or relatively low 
steel and FRP reinforcement ratios are applied. Concrete crushing without steel 
yielding could be governing for relatively high reinforcement ratios. This last type 
of flexural failure is undesirable, due to the brittle behavior. In the design of a FRP 
strengthened beam, it should be verified that failure will not occur. This can be 
done by performing a cross-sectional analysis, taken the FRP reinforcement as 
additional reinforcement into account. Initial strains in the structure as a result of 
loads that are present at the time of strengthening should be taken into account. 
 
 
 
 
 (a)                                                       (b) 
Figure2.3:  Flexural failures due to (a) FRP rupture and (b) concrete crushing 
 
 
FRP rupture 
Concrete crushing 
 2  Rehabilitation and Strengthening of RC Members with FRP   
16 
 
(2) Shear Failure  
The shear capacity of a structure that is strengthened by FRP in flexure is not 
significantly increased by the FRP reinforcement. In the design of a FRP 
strengthened beam it should be verified that the shear capacity is sufficient, as 
shear failure could be governing over flexural failure. If the shear capacity turns 
out to be insufficient, it is possible to strengthen the beam in shear with externally 
bonded FRP [50]. 
 
(3) Debonding Failure  
A large number of experimental studies [40][101] have shown that, without any 
additional anchorage, there are mainly three debonding failure modes in RC 
beams strengthened with a tension face FRP sheet (Figure 2.4). 
(A) Plate end debonding/concrete cover separation 
(B) Critical diagonal crack debonding (CDC debonding) 
(C) Intermediate crack induced debonding (IC debonding) 
 
 
 
Figure2.4:  Debonding failure modes in flexurally-strengthened RC beams 
 
 
Plate end debonding CDC debonding IC debonding Cover separation 
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(A) Plate end debonding/concrete cover separation 
FRP plate end debonding or concrete cover separation is believed to be caused 
by the significant stress concentration at the FRP plate end arising from 
geometrical and flexural stiffness discontinuities. This failure mode has received 
extensive attentions in early studies on FRP strengthening of RC structures. 
Linear elastic analysis indicates that very large normal and shear stresses exist in 
the adhesive layer at the plate end [136]. Many factors including the elastic 
modulus and the thickness of the adhesive layer affect the values of these 
stresses. It shall be noted that these large stresses are present only in a small 
region: they are reduced to very small values several times of the thickness of 
FRP plate away from the plate end. Because the thickness of the FRP plate is 
only a few millimeters in most cases, the actual size of the stress concentration 
region is very small. 
Since the debonding always occurs within the concrete, the actual stress 
distributions at the FRP-to-concrete interface are much more complicated than 
those from linear elastic analysis due to concrete cracking. This led to the 
development of several design proposals considering the nonlinear interfacial 
behavior. However, there are still large discrepancies between all strength models 
based on both linear elastic or nonlinear interfacial stress analyses and test 
results [136]. Further research has shown that the plate end debonding/concrete 
cover separation can be easily prevented by using additional anchors such as 
FRP U-jackets or nails at the FRP plate ends (Figure 2.5). The installation of such 
anchors at the plate ends is very convenient in practice. Therefore, both the 
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specification and the standard proposed the following clause to avoid plate end 
debonding/concrete cover separation: The tension face FRP plates/sheets should 
be extended to the supports. FRP U-jackets should be installed at the ends of 
FRP plates/sheets. The width and thickness of FRP U-jackets should not be less 
half of the width and thickness of the tension face FRP plates/sheets [136]. If 
there are difficulties in installing such plate end anchors, it is recommended that 
the conservative model proposed by [136] is used to calculate the debonding 
strength. But the strength of FRP may not be fully used in such cases. 
 
Figure2.5:  Additional anchors for preventing plate end debonding 
(B) Critical Diagonal Crack Bedonding 
The opening-up of a diagonal shear crack induces not only interfacial shear stress 
but also interfacial normal stress at the FRP-to-concrete interface due to the 
relative sliding displacement between the two sides of the shear crack of a 
concrete beam. The development of the shear crack leads to not only the shear 
failure of the beam, but also debonding of the FRP from the concrete starting from 
the shear crack. Such debonding failure is termed the Critical Diagonal Crack 
(CDC) debonding [114][122]. A CDC debonding failure is very brittle. The main 
cause of CDC debonding failure is the low shear capacity of the beam. An 
Column 
Slab 
Beam 
FRP  
U-jacketing U-jacketing 
FRP  
Column 
Slab 
Backing strip 
FRP  FRP  
Anchorage nails 
2  Rehabilitation and Strengthening of RC Members with FRP 
19 
 
effective method for preventing CDC debonding is thus to avoid shear failure of a 
beam by increasing its shear capacity. RC beams are usually designed following 
the principle of strong shear and weak bending to avoid the brittle shear failure. 
This principle also applies to FRP strengthened concrete beams, i.e. the shear 
capacity of a strengthened beam should be larger than its flexural capacity after 
flexural strengthening. Furthermore, additional FRP U-jackets are also required to 
ensure the shear capacity of the flexurally strengthened beam even if its shear 
strength is adequate in order to increase the ductility in an intermediate crack 
induced debonding failure (IC debonding). Further details are given in the 
following section. 
(C) Intermediate Crack Induced Debonding 
For an FRP strengthened RC beam designed to satisfy the principle of strong 
shear and weak bending and various detailing requirements, flexural cracks will 
inevitably occur under service load. The initiation and development of flexural 
cracks result in large interfacial stresses at the FRP-to-concrete interface at both 
sides of a flexural crack which may lead to interfacial debonding failure. Such 
debonding failure is referred as Intermediate Crack induced debonding or IC 
debonding [39]. An IC debonding is caused by the widening of a flexural crack. 
The contribution of FRP to the flexural strength takes place mainly after the 
yielding of the flexural steel reinforcement which leads to rapid propagation of 
flexural cracks and large interfacial slips between the FRP and the concrete on 
both sides of the flexural crack. No efficient method is available yet to avoid IC 
debonding failures. If the thickness of the FRP plate is significant, IC debonding 
cannot be avoided even when additional anchors such as U jacketing are used 
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[102]. Therefore, IC debonding should be considered as one of the controlling 
failure modes in the strengthening design of RC beams using tension face FRP 
sheets. The flexural strength should be calculated by considering the effective 
FRP tensile stress at IC debonding failure. 
 
2.3.2    Near Surface Mounted FRP Technique for Flexural Strengthening 
The use of NSM CFRP strips is a one of the most recent and promising 
techniques for the repair and rehabilitation of the reinforced concrete (RC) 
members. This technique has recently proved its applicability to improve 
flexural/shear capacity of structural members [101][26][50]. The Near Surface 
Mounted (NSM) FRP reinforcement is used as an alternative to externally bonded 
FRP laminates (Figure 2.6 and 2.7). 
In the NSM strengthening technique, FRP laminates or rods are embedded in a 
slit in the concrete that is filled with an adhesive. Like for externally bonded FRP 
reinforcement, this technique was originally being developed for steel 
reinforcement bars [16], but has been replaced by FRP reinforcement, due to its 
non-corrosiveness, low weight and high strength. The high strength of FRP makes 
it possible to use a smaller cross-sectional area compared to steel for the same 
capacity, which reduces the size of the slit. NSM applications have the advantage 
that the FRP is better protected against environmental influences and vandalism. 
Moreover, it has a larger bond area compared to the externally bonded FRP and 
thus the potential for a higher capacity. 
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2.3.2.1 Background 
Blaschko et al [26] proposed a similar strengthening technique based on 
introducing laminate strips of CFRP into pre-cut slits on the concrete cover. The 
CFRP was bonded to concrete by epoxy adhesive. The test results showed that 
the bending resistance of concrete elements can be significantly increased using 
CFRP laminate strips bonded to concrete into slits. The obtained results 
confirmed this method as a promising technique. 
 
Figure 2.6: NSM FRP with FRP laminate 
 
Figure 2.7: NSM FRP with FRP rod 
De Lorenzis et al. 2000 [50] studied using FRP as a NSM technique. Both shear 
and flexural strengthening were investigated. Their test results showed that for 
flexurally strengthened RC beams, an increase of 44% of the ultimate strength 
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was achieved compared to the capacity of the control beam. Hassan et al 2002 
[79] studied the feasibility of using different strengthening systems as well as 
different types of FRP for flexural strengthening of large scale prestressed 
concrete beams. The test results showed that the use of NSM FRP was feasible 
and cost effective for strengthening concrete bridge members. El-Hacha et al. 
2004 [60] investigated the effectiveness of using near surface mounted CFRP 
strengthening on RC beams. They reported that a full composite action between 
the NSM strips and the concrete was achieved. An increase in the flexural 
capacity of the strengthened RC beams was observed. They also conducted a 
study on the flexural strengthening of RC beams using NSM FRP technique. 
Various variables were examined: number of the FRP rod/strip, form of FRP: 
strip/rod and type of FRP: glass and carbon. They found in their study that using 
NSM reinforcement for flexural strengthening with CFRP strips had a higher load 
carrying capacity than those of the CFRP rods for the same axial stiffness. Such 
result was explained by the possibility of an early de-bonding that occurred 
between the CFRP rod and epoxy interface. 
Barros et al. 2005 [21] studied the effectiveness of CFRP strips as a NSM for 
structural strengthening. They examined different variables which are the number 
of GFRP laminate, different steel reinforcement ratios, and different depths of the 
cross-section. It was found that the load carrying capacity increased an average of 
91%. It is also reported that a high deformability of the strengthened RC beams 
was assured and an increase in the rigidity of the beam of 28% corresponding to 
the serviceability limit state analysis was achieved. Aidoo et al. 2006 [12] 
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investigated three strengthening methods: externally bonded, NSM, and powder 
actuated fasteners. All methods showed an increase in the load-carrying capacity 
of the girders. They reported that in particular, the externally bonded and NSM 
CFRP methods behaved better than the powder actuated fastener method, 
although the NSM showed a significantly higher ductility and was explained to be 
due to the high bond characteristic. 
2.3.2.2 Bond test methods 
The most common types of bond tests used for NSM reinforcement are: 
(1) The beam pull-out-test 
(2) The direct pull-out test  
While detailed descriptions of the various test arrangements can be retrieved from 
the literature review [52][134], some of the issues of concern are discussed below. 
A number of practical disadvantages exist with beam pull-out tests [52][134]. For 
example, the specimen size is large, especially if long bond lengths are tested; it 
is difficult to conduct the test in slip-control mode; and it is difficult to visually 
inspect the behavior of the joint during loading, especially the initiation and 
propagation of cracks. 
Direct pull-out tests overcome the drawbacks of beam pull-out tests mentioned 
above. The simplest direct pull-out test specimen may be composed of a 
square/rectangular concrete block embedded with an NSM bar on one of the 
sides, however, in this set-up the NSM bar leads to eccentric loading of the 
concrete block. The use of two bars on two opposite sides [152] or even four bars 
on all four sides [148] has been attempted to overcome this problem. The multiple 
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bars specimen has its own problem: any small deviations of the groove/bar 
positions can induce flexural effects, significantly altering test results. De Lorenzis 
et al. [54] introduced a C-shaped block where a single NSM bar was placed at the 
centre of gravity of the block. The set-up performed well, but the specimen 
dimensions had to be specifically designed for each groove depth. This set-up is 
also not suitable for studying edge effects due to the presence of two thick 
flanges. A similar test set-up has been popular in studies on externally bonded 
laminates [153]. Blaschko [25] used such a set-up, in which a steel plate was used 
to provide the reaction to the concrete block. The steel plate had a central hole of 
80-mm diameter to avoid reactive stresses on the immediate vicinity of the 
groove. To minimize the transverse friction generated by the bearing pressure, 
which could delay the initiation of splitting cracks as generally observed in pull-out 
tests of steel rebars in concrete, layers of PTFE or similar materials can be placed 
between the bearing plate and the concrete block. 
 
2.3.2.3 Failure Modes  
The possible failure modes of beams flexuraly strengthened with NSM CFRP 
reinforcement are of two types: those of conventional RC beams, including 
concrete crushing or NSM CFRP rupture generally after the yielding of internal 
steel bars, for which the composite action between the original beam and the 
NSM CFRP is practically maintained up to failure, and „„premature‟‟ debonding 
failure modes which involve the loss of this composite action. Although debonding 
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failures are less likely a problem with NSM CFRP compared with externally 
bonded FRP, they may still significantly limit the efficiency of this technology.  
The failure modes described in this section are for near surface mounted FRP 
strengthened concrete members. Those highlighted in the literature to date are:  
 
 
(1) Concrete crushing  
This failure occurs in the compression zone after yielding of the longitudinal steel 
reinforcement. It is the preferred method of failure in flexural FRP design because 
it provides the greatest warning before the failure [2]. This type of failure is not 
specifically examined in the NSM-FRP literature because it does not provide 
information specific to the failure caused by the FRP itself, and relies solely on the 
properties of the cross-section, assuming perfect bond between the FRP and the 
concrete. In practical design situations, the ultimate strain in the FRP is typically 
limited to a value of 70% of the manufactures‟ guaranteed ultimate tensile strain 
[2] to increase the probability of failure in the concrete before bond failure or 
tensile rupture of the FRP.  
(2) Tensile rupture of CFRP strips  
This failure has been observed in a few research programs [78]. In a test setup 
which evaluated the effects of varying bond length on beams strengthened in 
flexure, Hassan [78] observed rupture in all tests with NSM groove embedment 
lengths greater than 850 mm. This was the first time that NSM FRP rupture in a 
strengthening application was observed in the laboratory. From a design 
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perspective this type of failure is least desirable because it is sudden. However, 
from a research perspective, this was the first time NSM strips were used to their 
full potential, and it therefore represents the most economical use of the FRP 
material. More recently, a beam strengthened in shear using vertical CFRP strips 
failed by FRP rupture after a large shear crack propagated through the middle of 
one of the NSM strips [33]. 
 
(3) Cover delamination 
This type of failure is sudden and clearly undesirable [51]. In a flexural 
strengthening application, loss of the concrete cover (splitting of the concrete 
cover along the internal longitudinal steel reinforcement) has been observed, 
particularly in cases where the beams were strengthened beyond what would be 
expected in engineering practice. For example, two beams failed by cover 
delamination at loads of 91% and 96% greater than their control beam [21]. 
Current strengthening limits [2] would prevent such high levels of strengthening in 
all practical situations. The first signs of this type of failure are longitudinal cracks 
in the concrete at the location of highest FRP stress, running parallel to the NSM 
FRP near the level of the internal longitudinal steel reinforcement. Gradually, the 
cracking progresses towards the position of lowest FRP stress, and eventually 
rips out a piece of the concrete cover. This type of failure is sudden and clearly 
undesirable [51]. The additional bond length prevented bond failure, and forced 
the failure to occur along the surface of the horizontal reinforcing steel [51]. 
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(4) Splitting of the adhesive cover 
This type of failure is common in specimens strengthened using NSM FRP rods. 
As for the bond between steel reinforcement and concrete, the deformed shape of 
the NSM FRP rod transfers much of the load to the surrounding material by 
mechanical interlock. This load transfer results in stresses in both the longitudinal 
and radial directions with respect to the rod. When the stresses in the radial 
direction exceed the tensile strength of the adhesive the adhesive splits 
longitudinally in the direction perpendicular to the length of the rod [51].  
In general, NSM FRP flexurally strengthened beams seem to fail by concrete 
cover separation. As the width of the section increases (and therefore the failure 
plane in case of cover separation), such as in slabs, the failure shifts to debonding 
by rupture of the concrete immediately adjacent to the adhesive. Shear 
strengthening NSM installations tend to fail by debonding. 
 
 
2.3.2.4 Local bond strength 
(A) Experimental results 
In any type of bond test, the average bond strength usually decreases with 
increase in the bond length, as a result of the non-uniform distribution of bond 
stresses. The local bond strength refers to the maximum value of bond stress that 
the interface can resist, in contrast to the overall bond strength which refers to the 
maximum transferable load of the joint. The local bond strength must be obtained 
either from very short specimens or from a long specimen by elaborative strain 
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(and/or slip) measurements. Several authors studied the local bond strengths of 
NSM systems [24-133]. The following observations have been made: 
(1) The local bond strengths of NSM strips from two test series by different 
authors [25][134] are very close to each other. 
(2) The local bond strength of the bar-epoxy interfacial failure mode, which was 
observed for sand-blasted bars, is not influenced by the groove size and is lower 
than that for deformed bars. 
(B) Theoretical models for NSM strips 
It is interesting to compare the experimental local bond strengths of NSM strips 
reported by Sena et al. [133] with the predictions by the formula proposed by 
Blaschko et al. [24] and with those given by the theoretical model of Hassan et al. 
[77]. 
Blaschko‟s formula [24] is given by: 
max = 0.2     
 
 . af                                                                                                         (2.1) 
Where af is the shear strength of the epoxy and    
  is the edge effect. 
Hassan‟s formula [77] is given by: 
max= 
  
     
  
     
                                                                                                                 (2.2) 
Where   
  and     are the (cylinder) compressive and tensile strengths of 
concrete, respectively. 
The two formulae relate the local bond strength to different parameters, consistent 
with their own experimental observations: Blaschko [24] observed cohesive shear 
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failure in the epoxy and studied the effect of   
 , whereas Hassan [77] observed 
cohesive shear failure in the concrete (hence, their value of max is the shear 
strength of concrete). 
The following differences between the two formulae should also be noted: 
(1) Blaschko [24] performed pull-out bond tests to provide the experimental basis, 
while Hassan [77] conducted flexural tests on RC beams embedded with bars of 
varying lengths. 
(2) Blaschko‟s formula [24] was calibrated with bond test results, while Hassan‟s 
formula [77] was derived from Mohr‟s circle for the pure shear stress state, which, 
when used in finite element modelling, yielded predictions of the debonding load 
in good agreement with test results. The 95 percentile characteristic value of af 
was indicated by Blaschko [24] to vary between 20 and 25 MPa for common 
highly filled, two-component epoxies. According to the tests, the ratio between the 
characteristic and the average values of af is about 0.89, hence the average 
value of af of common epoxies can be assumed to vary between 22.5 and 28.1 
MPa. For   
 =150mm (i.e. with no edge effect), (Eq. 2.1) thus yields a local bond 
strength ranging between 15.8 and 19.8 MPa. For    
  ranging between 20 and 40 
MPa and taking     as 0.53     [105], (Eq. 2.2) predicts local bond strengths 
between 2.1 and 3.1 MPa. The large difference between the predictions of the 
Equations (2.1) and (2.2) is a result of the different materials controlling the failure 
(epoxy for (Eq.2.1) and concrete for (Eq.2.2)) and thus the different interfaces that 
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these two formulae correspond to; the concrete shear strength is much smaller 
than that of the adhesive. 
 
2.3.3    Shear-Strengthening of structural beams 
Flexural failure is generally preferred to shear failure as the former is ductile, 
which allows stress redistribution and thus provides warning, whereas the latter is 
brittle and catastrophic. Common ways of attaching FRP shear reinforcement to a 
beam include: 
 U-Jacketing, in which FRP U-jackets are bonded on both vertical sides and 
across the tension   face as a continuous member. 
 Vertical side bonding only. 
 Complete wrapping, in which the FRP is wrapped around the entire cross-
section. 
Both discrete strips and continuous sheets or plates may be used; either the wet 
lay-up or the hot-melt factory-made prepreg is employed [88]. The design for 
shear strengthening of structural RC beams is discussed in Ref. [38]. 
 
2.3.4    FRP Confining of Concrete 
RC columns can be strengthened by wrapping unidirectional FRP composites 
around the columns. This retrofitting technique has two functions: to cause an 
increase in the confined concrete peak stress compared with that of the 
unconfined concrete (Poisson's lateral stresses); and to increase the post-peak 
ductility and ultimate strength of the concrete column, thus developing a pseudo-
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ductile plateau to improve its axial compressive strength and ductility [94]. The 
method is most efficient when applied to circular columns; it is less effective when 
applied to square columns, and has almost no effect when applied to rectangular 
columns. The reason for the latter two lower efficiencies is that the material 
around the corners and across the diagonals between opposite corners is 
confined to a certain extent, whereas the material along the sides of the flat 
portions of the rectangular section is confined to a minimum extent or not at all, 
depending on the curvature of the corners. There are methods of increasing the 
effectiveness of the FRP confinement for a rectangular column by shape 
modification to an elliptical section [139]; the space between the FRP composite 
ellipse and the rectangular concrete column is filled with concrete. Experimental 
observations [97][151][113] reveal that the apparent average failure strains of the 
FRP wraps are 50-80% of the failure strains of the tensile coupons made from the 
same material specification; research has failed to account for this experimental 
observation. Available stress-strain models for FRP-confined concrete have been 
reviewed and assessed using a test database [104]. Inaccurate predictions of the 
ultimate concrete strain and/or the shape of the stress-strain curves are evident; 
design models for the axial compressive strength of FRP-confined concrete have 
been proposed [103]. 
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2.4    Guidelines  
For new construction, FRP bars have been used as the internal reinforcement in 
concrete members to replace conventional steel rebars for a host of reasons. For 
repair and upgrade, strengthening of concrete members with externally bonded 
FRP laminates or near surface mounted (NSM) bars has received remarkable 
attention. On the application side, FRP materials have been used in some multi-
million dollar projects for strengthening parking garages, multi-purpose convention 
centers, office buildings and silos. The drivers for this technology are several, but 
perhaps the most relevant one is the ease of installation [116]. Design guidelines 
for FRP RC structures have been developed in Japan (JSCE, 1997), Canada 
(ISIS, 2001; CSA-S806, 2002), USA (ACI 440.1R-01, 2001; ACI440.1R-03, 2003; 
ACI 440.1R-06, 2006), Europe (ENV 1992-1-1, 1992), and Germany (DAfStb) 
[draft]. 
2.4.1    Japanese Design Guidelines 
The Japan Society of Civil Engineers (JSCE) design guidelines [95] are based on 
modifications of the Japanese RC code of practice, and can be applied for the 
design of concrete reinforced or prestressed with FRP reinforcement. The JSCE 
places in between the two design philosophies reported, considering both material 
and member safety factors, which are slightly higher than the ones used for steel 
reinforcement. Although the model adopted for the flexural design covers both 
types of flexural failure, there is no information about the predominant mode of 
flexural failure that would result from the application of the proposed partial safety 
factors. The guideline may also be utilized as a reference document, since it gives 
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general information about different types of FRP reinforcement, quality 
specifications, and characterization tests for FRP materials. 
2.4.2    Canadian Design Guidelines 
The Canadian Standard Association design guidelines CAN/CSA-S806-02 [45] 
are the most recently issued Canadian guidelines on the design and construction 
of building components with FRP. In addition to the design of concrete elements 
reinforced or prestressed with FRP, the guidelines also include information about 
characterization tests for FRP internal reinforcement. The guideline was 
approved, in 2004, as a national standard of Canada, and is intended to be used 
in conjunction with the national building code of Canada (CSA A23.3, 2004) [46]. 
The document prescribes that “the factored resistance of a member, its cross 
sections, and its connections shall be taken as the resistance calculated in 
accordance with the requirements and assumptions of this Standard, multiplied by 
the appropriate material resistance factors. Where specified, the factored member 
resistance shall be calculated using the factored resistance of the component 
materials with the application of an additional member resistance factor as 
appropriate”. In other words, the Canadian approach is that of material safety 
factors, with the exception of special cases (i.e. stability in compressed members; 
sway resisting columns; and flexure and axial load interaction and slenderness 
effects). As for the predominant mode of failure, the CSA S806-02 [45] remarks 
that “all FRP reinforced concrete sections shall be designed in such a way that 
failure of the section is initiated by crushing of the concrete in the compression 
zone”. The Canadian network of centers of excellence on intelligent sensing for 
innovative structures has also published a design manual that contains design 
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provisions for FRP RC structures (ISIS, 2001) [93]. The guideline also provides 
information about the mechanical characteristics of commercially available FRP 
reinforcement. This guideline is also based on modifications of existing steel RC 
codes of practice, assuming that the predominant mode of failure is flexural, which 
would be sustained due to either concrete crushing (compressive failure) or 
rupture of the most outer layer of FRP reinforcement (tensile failure). 
 
2.4.3    European Design Guidelines  
The European design guidelines by Clarke et al [41] are based on modifications to 
European RC codes of practice (ENV 1992-1-1, 1992) [67]. The guidelines include 
a set of partial safety factors for the material strength and stiffness that take into 
consideration both the short and long term structural behavior of FRP 
reinforcement; and hence, the adopted values are relatively high when compared 
with the values adopted by other guidelines. The guidelines do not make any 
distinction between the two types of flexural failure and in addition, they do not 
provide clear indications about the predominant failure mode, which would result 
from the application of these partial safety factors.  
2.4.4    Guidelines by the American Concrete Institute (ACI)  
Both strength and working stress design approaches are considered according to 
the provisions of ACI 318 [6]. The FRP-RC member is designed based on its 
required strength and then checked for serviceability and ultimate state criteria 
(e.g. crack width, deflection, fatigue and creep rupture endurance). In many 
instances, serviceability criteria may control the design. 
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Crack width 
For FRP-reinforced members, the crack width, w, can be calculated from the 
expression given in ACI 318 with the addition of a corrective coefficient, kb, for the 
bond quality. The kb term is a coefficient that accounts for the degree of bond 
between the FRP bar and the surrounding concrete. For FRP bars having bond 
behavior similar to steel bars, kb is assumed equal to one. When kb is not known, 
a value of 1.2 is suggested for deformed FRP bars. 
 
Creep rupture and fatigue 
Values for safe sustained and fatigue stress levels are given in Table 2.3. These 
values are based on experimental results with an imposed safety factor of 1/0.60. 
Fiber type Glass FRP Aramid FRP Carbon FRP 
Creep rupture stress limit, Ff,s 0.20 ffu 0.30 ffu 0.55 ffu 
Table 2-3: Creep rupture and fatigue stress limits in FRP reinforcement according to ACI 
[7] 
2.4.5    Guidelines by the German Association for Structure Concrete 
            Design Guidelines (DAfStb) [draft] 
The German design guideline of (DAfStb) provides information about the safety 
factors for the material strength taking into consideration in the externally bonded 
and the near surface mounted FRP strengthening techniques under both short 
and long term loads. The RC member strengthened with near surface mounted 
FRP technique is checked based on both strain and bond capacity. 
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Strain verification  
The maximum allowable strain of FRP strips is defined according to the following 
equation: 
                                                                                       (2.3) 
where 
    is a reduction factor of 0.80 
         is the maximum allowable strain and 
     is the failure strain 
Bond load capacity verification  
The maximum tension force of FRP strips is limited according to following 
equations: 
      115 mm:      =           
                       
   
   
                      (2.4) 
      115mm:     =           
                    
  
  
            
   
   
   (2.5) 
where 
                maximum design tension force at strip [N] 
              anchorage strip length [mm] 
                maximum design shear stress [N/mm
2] 
                  strip width [mm] 
                 edge distance [mm] 
 
2.5 Summary 
In this chapter the strengthening of structural members using FRP is presented 
and discussed. It is concluded that currently there is limited knowledge of the 
influence of different bond behavior and stress redistribution between steel 
reinforcement and CFRP laminate strips.  
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Chapter 3 
 
3   Bond Behavior of Steel Reinforcement 
3.1 Preface 
This chapter briefly reviews the bond characteristics between the concrete and the 
reinforcing steel which in general affect the structural performance of a member. 
The principles discussed here will be useful in investigating and analyzing the 
bond behavior and stresses in the NSM fibers later on. 
Bond between the concrete and the reinforcing steel plays a major role in the 
performance of reinforced concrete structures. The bond consists mainly of three 
components,  
 Chemical adhesion between the bars and the concrete.  
 Frictional forces between the bars and the concrete due to the roughness of 
the surface of the bars in contact with the concrete.  
 Mechanical anchorage or bearing of the ribs against the concrete surface.  
It is important to note that the role of the bearing of the ribs against the concrete 
surface constitutes the major bond forces compared to the roles of the chemical 
adhesion and the frictional forces [4].  
3.2    Description of Bond Behavior  
The bearing behavior of the reinforcing steel on the concrete has been studied by 
many researchers over the years [11][123][18][66][68]. This behavior can be 
summarized as follows:  
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For the evaluation of the bond strength a distinction is made between the splitting 
type and the pull-out-type of bond failure. When bond between a ribbed bar and 
concrete is activated three consecutive stages of behavior can be observed. First, 
the initial contact between steel and concrete is maintained by adhesion and 
interlocking of the cementitious matrix and the steel surface. In this stage an 
elastic bond behavior is assumed, which is related to small bond stress values. In 
the second stage, which starts when the initial bond is broken, bond is mainly 
governed by bearing of the ribs against the concrete. The concentrated bearing 
forces in front of the ribs cause the formation of cone-shaped cracks starting at 
the crest of the ribs. The resulting corbels between the ribs transfer the bearing 
forces into the surrounding concrete. In this stage the displacement of the bar with 
respect to the concrete (slip) consists of bending of the corbels and crushing of 
the concrete in front of the ribs, see (Figure 3-1) [75]. The bearing forces, that are 
inclined with respect to the bar axis, can be decomposed into the directions 
parallel and perpendicular to the bar axis. The parallel component equals the 
bond force, whereas the radial component induces circumferential tensile stresses 
in the surrounding concrete, which may result in radial cracks. Now two failure 
modes are to be considered. If the radial cracks propagate through the entire 
cover bond splitting failure is decisive. In that case the maximum bond stress 
follows from the maximum radial stress delivered by the surrounding concrete. 
Further crack propagation results in a decrease of the radial compressive stress. 
At reaching the outer surface- which marks the beginning of the third stage of the 
bond splitting failure mode this stress is strongly reduced resulting in a sudden 
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drop of the bond stress. Yet, the load bearing mechanism remains the same as in 
the previous stages. 
 
 
Figure 3.1: Bond between a ribbed bar and the surrounding concrete by mechanical    
interlocking [81] 
When the confinement is sufficient to prevent splitting of the concrete cover bond 
failure is caused by pull-out of the bar. In that case a new sliding plane originates 
around the bar shearing off the concrete corbels and the force transfer 
mechanism changes from rib bearing into friction, see (Figure 3.2). The shear 
resistance of the corbels can be considered as a criterion for this transition, which 
in this case of pull-out bond failure mode marks the beginning of the third stage. 
A- Stress on concrete and their components B-Stress on reinforcing bar 
 
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Due to the lower roughness of the new sliding plane compared to that of the 
ribbed bar, the occurrence of this surface is connected with a considerable 
reduction of the radial compressive stress and, hence, with a reduction of the 
bond stress. Under continued loading the sliding surface is smoothened, due to 
wear and compaction, and the attendant volume reduction will result in release of 
the radial strain and in further reduction of the bond stress. 
 
 
Figure 3.2: Deformations around the bar for pull-put bond failure [75] 
 
The ACI building code [4] assumes that at ultimate load, the bond stress 
distribution is uniform, which means that all the lugs bear against the concrete at 
the ultimate stage as shown in (Figure 3.3) and help resist the applied axial tensile 
force.  
Sliding Plane 
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Figure 3.3: Idealization of behavior of deformed reinforcing bars embedded in concrete 
and subjected to tension [18] 
3.3 Factors affecting Bond Behavior  
3.3.1 Structural Characteristics  
3.3.1.1 General  
Many factors affect the bond between the reinforcing steel and the concrete. 
These factors can be distinguished under the following three categories:  
 Structural Characteristics  
 Bar Properties  
 Concrete properties  
A brief discussion of some of the structural characteristics is included in the 
following section. These characteristics are: concrete cover and bar spacing, the 
bonded length of the bar, the degree of transverse reinforcement and the bar 
casting position. 
 3.3.1.2 Concrete Cover and Bar Spacing  
Bond force-slip curves become steeper and bond strength increases as cover and 
bar spacing increase [4]. The mode of failure also depends on the cover and bar 
Bond Stress Distribution Forces on Reinforcing Bars 
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spacing [75] [146][140][123][62][47]. For large cover and bar spacing, it is possible 
to obtain a pullout failure, such as shown in (Figure.3.4.a) showing splitting cracks 
between bars and through the concrete cover. For smaller cover and bar spacing, 
a splitting tensile failure occurs, such as shown in (Figure.3.4.b), resulting in lower 
bond strength.  
 
 
Figure 3.4: Cracking and Damage mechanisms in Bond [4] 
The latter failure mode is the type expected to govern for most structural 
members. Splitting failures can occur between the bars and the free surface, or 
both. Pullout-like failures can occur with some splitting if the member has 
significant transverse reinforcement to confine the anchored steel. The cover 
plays a major role in the mode of failure of the beam as shown in (Figure 3.5), for 
instance, for a large cover and bar spacing, a pullout failure may occur. For a 
smaller cover and bar spacing, a splitting failure mostly occurs [11], as explained 
above, and it is the type expected to govern for most of the structural members. 
Pullout like failure can occur with some splitting if the member has significant 
transverse reinforcement to confine the anchored steel. 
(b) Pullout failure (a) Splitting tensile failure 
Pullout  
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Figure 3.5: Bond Failure Patterns of reinforcement bars [75] [123] 
 
3.3.1.3 Development and Splice Length  
Increasing the development or splice length of a reinforcing bar will increase its 
bond capacity. This relationship was found to be non linear. An increase in the 
bonded length by a certain percentage induces an increase in bond strength but in 
a different percentage [48][69]. The explanation starts with the observations that 
bond forces are not uniform (Figure 3-6) and that bond failures tend to be 
incremental, starting in the region of the highest bond force per unit length [4]. 
Test results indicate that doubling the splice length does not double the splice 
strength [30]. This can be explained by the nature of the bond stresses along the 
longitudinal reinforcing bars; as mentioned before, these stresses are assumed to 
be constant at ultimate limit state but in reality they are not, the stresses are 
2Cs 2Cs 
Cb Cb 
CbCs CsCb 
Cs  Cb Cs  Cb 
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higher at both ends than at the center of the splice and that explains the fact that 
the splitting cracks start at the end of the splice and propagate towards the center. 
 
 
Figure 3.6: Variation of steel and bond forces in RC member subjected to pure bending 
[120] 
 
3.3.1.4 Bar Casting Position  
The bar casting position plays an important role in the bond strength between the 
reinforcing steel and the concrete. It was found that as the depth of concrete 
below the bar increases, the bond strength decreases. This phenomenon can be 
explained due to the buildup of bleed water around top cast bars and settlement of 
particles and aggregates in the concrete underneath. The ACI Committee 408 [6] 
also enforced the recommendations made by the ACI Committee 318 [4] to 
increase the development length by 30% for the top cast bars.  
 
Cracked Concrete Segment 
Bond Stresses acting on 
Reinforcing Bar 
Variation of Tensile Force 
in Steel 
Variation of Bond Force 
along Bar 
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3.3.1.5 Transverse Reinforcement  
Previous studies have shown that the effect of transverse reinforcement confines 
the spliced bars and limits the progression of the splitting cracks [90]. This 
confinement leads to the increase in the force required for the failure and can lead 
to a shorter requirement for the development or splice length. However, this is 
only valid up to a certain level of confinement, after that level the increase in the 
confinement becomes less effective providing no increase in bond strength. 
Although the ACI does not provide a minimum requirement for transverse 
reinforcement, it strongly encourages designers to include some in their design. It 
is also worth mentioning that increasing the amount of transverse reinforcement 
can change the mode of failure from splitting failure to pullout failure [4] [18] [123]. 
In the case of high strength reinforcing steel, Ferguson et al [69] also indicated in 
their study that the stirrups increase the splice strength nearly independent 
whether the amount of stirrups was minimal or for a heavily confined section.  
 
3.3.2 Bar Properties  
3.3.2.1 General 
Bar properties have an effect on the bond strength between the bar and the 
surrounding concrete. Some of these properties, which include bar size, bar 
geometry, steel stress and yield strength as well as the bar surface condition, will 
be discussed in this section. 
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3.3.2.2 Bar Size  
The relationship between bar size and bond strength is not always estimated. The 
reason is that, while (a) a longer development or splice length is required as bar 
size increases, and (b) for a given development or splice length, larger bars 
achieve higher total bond forces than smaller bars for the same degree of 
confinement. Addressing the second point first, for a given bonded length, larger 
bars require larger forces to cause either a splitting or pullout failure [4]. The result 
is that the total force developed at bond failure is not only an increasing function of 
concrete cover, bar spacing, and bonded length, but also of bar area [123] [47]. 
When evaluated in terms of bond stress (Section 3.4), smaller bars appear to 
have even a greater advantage; thus, conventional wisdom suggests that it is 
desirable to use a larger number of small bars rather than a smaller number of 
large bars; this is true until bar spacing are reduced to the point that bond strength 
is decreased [68] [124] [126]. 
3.3.2.3 Bar Geometry  
The effects of bar geometry on bond behavior will be described in this section. 
Some studies indicate that deformation patterns have a strong influence on bond 
strength. The earliest study on bond resistance of plain and deformed reinforcing 
bars was done by Abrams [11] using pullout and beam specimens. The test 
results showed that deformed bars produced higher bond resistance than plain 
(smooth) bars. Abrams observed that the ratio of the bearing area of the 
projections (projected area measured perpendicular to the bar axis) to the entire 
surface area of the bar in the same length could be used as a criterion for 
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evaluating the bond resistance of deformed bars. To improve bond resistance, he 
recommended that this ratio should not be less than 0.2. Rehm [125] reported that 
one of two failure modes, splitting or pullout, can occur when a reinforcing bar 
slips with respect to the concrete. If the ratio of rib spacing to rib height was 
greater than 10 and the rib face angle (the angle between the face of the rib and 
the longitudinal axis of the bar, in Figure (3.7) is greater than 40 degrees, he 
observed that the concrete in front of the rib crushes, forming wedges and then 
inducing tensile stress perpendicular to the bar axis. This results in transverse 
cracking and splitting of surrounding concrete. If the ribs had a spacing to height 
ratio less than 7, with a rib face angle greater than 40 degrees, he observed that 
the concrete in front of ribs gradually crushes, causing a pullout failure. 
 
 
Figure 3.7: Cracking and Damage mechanisms in Bond [4] 
3.3.2.4 Steel Strength and Yield Strength  
It was believed previously that the bars that yielded before bond failure produced 
average bond stresses significantly lower than higher strength steel in similar test 
specimens that did not yield [123]. As a result, test specimens were often 
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deliberately configured to ensure that the bars did not yield prior to bond failure. 
As it turns out, the bond strengths of bars that yield average only about 2% less 
when not confined by transverse reinforcement and about 10% greater when 
confined by transverse reinforcement than similar bars with the same bonded 
lengths made of higher strength steel that does not yield [47] [48]. 
3.3.2.5 Bar Surface Condition  
The bar surface conditions include the cleanliness of reinforcement, the presence 
or absence of rust from the bar surface and whether or not the bar is epoxy 
coated. The bar surface conditions have an effect on the bond strength as they 
affect the friction between the bar and the concrete and also affect the capability 
of the rib area to transfer the bond forces[4].  
3.3.3 Concrete Properties  
3.3.3.1 General 
Many of the concrete properties affect its bond with the reinforcing steel. A brief 
introduction of some selected parameters will be discussed next, including: 
concrete compressive strength, aggregate type, tensile strength and concrete 
slump.  
3.3.3.2 Concrete Compressive Strength  
The effects of concrete compressive strength on the bond characteristics have 
been studied by many researchers [140][123]and design expressions[5][34]. The 
influence of concrete strength on bond strength is related to the square root of the 
compressive strength of the concrete     in most of the equations describing the 
bond strength. This representation is adequate as long as concrete strengths 
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remain below about (55 MPa). For higher strength concrete, the average bond 
strength at failure, normalized with respect to      , decreases with an increase in 
compressive strength[18][47]. For high-strength concrete, the higher bearing 
capacity prevents crushing of the concrete in front of the bar ribs (as occurs for 
normal-strength concrete), which reduces local slip [4]. Due to the reduced slip, 
fewer ribs transfer load between the steel and the concrete, which increases the 
local tensile stresses and initiates a splitting failure in the concrete before 
achieving a uniform distribution of the bond force. The use of      has not been 
universal. Zsutty et al [155] observed that a best fit with existing data was 
obtained using   
  1/3 to represent the effect of concrete compressive strength. It 
was later observed that the quadratic root   
 1/4 of the concrete compressive 
strength is a better representative of the concrete contribution to the bond strength 
equations than the square root [47] [156]. 
 
3.3.3.3 Aggregate Type  
Concrete containing the crashed basalt had only slightly higher flexural strengths, 
but significantly higher fracture energies (more than two times higher) than 
concrete of similar compressive strength containing limestone for compressive 
strengths between 20 and 96 MPa. The higher fracture energy provided by the 
basalt resulted in increased resistance to crack propagation, which delays splitting 
failure and increases bond strength [20] [99]. It was also observed that the 
quantity of the aggregate did not have a significant effect on the bond strength. 
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3.3.3.4 Tensile Strength 
The tensile properties of concrete play a significant role in determining bond 
strength. As mentioned earlier, higher strength aggregates produce concrete with 
both higher fracture energy and higher bond strengths [99]. Higher fracture 
energy, such as may be provided by high-strength fibers, should also increase the 
bond strength of reinforcement [4]. 
 
3.3.3.5 Concrete workability 
The workability of concrete, generally measured by slump, affects the bond 
strength between concrete and reinforcing steel [49]. After concrete is cast, it 
continues to settle and bleed. Settlement leaves a void below rigidly held bars. 
Bleed water collects below bars, whether rigidly held in place or not. The higher 
concrete slump, the greater the tendency to settle and bleed. Properly 
consolidated, low-slump concrete usually provides the best bond with reinforcing 
steel. For normal strength concrete, high slump, used primarily where it is 
desirable to use little or no consolidation effort, results in decreased bond [112]. 
Zekany et al. [154] studied the effect of concrete slump on top-cast and bottom-
cast splices. They found that the bond strength of both top-cast and bottom-cast 
bars decreased with increasing slump. The effect was most pronounced for the 
top-cast bars. Summary, an increase in slump and the use of workability 
enhancing admixtures tends to have a negative effect on bond strength. 
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3.4 The Local Bond Mechanisms of Ribbed Bars 
One way to describe bond behavior is by the local relationship between the bond 
stress and the relative displacement, slip, between the bar and the surrounding 
concrete [124] [137] [61] [106]. The slip can be divided into two parts, see Figure 
3-8, one caused by elastic deformations of the concrete and the other caused by 
cracking and crushing of the concrete in the vicinity of the ribs. For ribbed bars the 
latter part is generally predominant for large slip values. A schematic bond-slip 
relationship is given in Figure 3-9, based on CEB Bulletin d‟ Information [61] [35]. 
 
 
Figure 3.8: Definition of slip, modified from Trebeschi [141] 
As noted in Section 3.1, the bond depends initially on chemical adhesion, see (A) 
in Figure 3.9. The bond-slip response is stiff and linear, and the slip registrations 
are due to concrete deformations. As the slip increases, the chemical adhesion 
breaks down, see (B) in Figure 3.9, and mechanical interaction between the ribs 
and concrete becomes the main mechanism. For ribbed bars, local friction plays a 
minor role. The bearing stresses on the concrete in front of the ribs cause tensile 
stresses in the concrete near the rib tips. As a consequence, transverse micro-
N 
Slip 
Steel bar in Tension Steel bar  
Reference Point 
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cracks originate at the tips of the ribs allowing the bar to slip, see Figure 3.1. 
These transverse micro-cracks, also called bond cracks, were verified 
experimentally by Goto [75]. The transverse micro-cracking results in a softer, 
non-linear bond-slip response. Due to the inclined bearing stresses and 
accentuated by the transverse cracking, inclined compressive stresses spread 
from the ribs into the concrete. This increases the wedging action of the lugs, 
which is balanced by circumferential stresses in the concrete around the bar. 
These circumferential tensile stresses may cause longitudinal splitting cracks. The 
formation and propagation of splitting cracks depends on the actual confinement 
conditions [106]. 
 
Figure 3.9: Schematic Bond-Slip relationship [106] 
When the confinement is provided by the surrounding concrete only, the splitting 
action must be balanced by stresses mobilized in the concrete. When longitudinal 
splitting cracks start to develop, it is still possible to balance the circumferential 
stresses with the tensile stresses in the concrete. However, when the splitting 
stresses increase and the concrete cover is small, a point will be reached at which 
Bond Stress 
Slip 
(a) 
(c) 
(b) 
A 
B 
C 
D E Well confined situation: pull-out failure 
 
Confined situation: splitting induced pull-out failure 
 
Unconfined situation: splitting failure 
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the surrounding concrete is no longer capable of balancing the splitting action and 
the crack will propagate to the surface. The local bond resistance then drops 
abruptly to zero, see (C) and (b) in Figure 3.9. 
When good confinement is provided, longitudinal splitting cracks can be prohibited 
or balanced by the confinement action. A new equilibrium can then be found and, 
under these conditions, the slip can increase. At this stage, the longitudinal 
component becomes larger, i.e. the compressive stresses in front of the ribs 
increase. The maximal bond stress is then determined by shear cracking between 
two adjacent ribs, see (E) in Figure 3.9. When slip increases enough, the concrete 
between two adjacent ribs is completely sheared off. The reinforcing bar then 
slides inside a concrete pipe with a rough surface and the stresses transferred are 
due to friction, see (a) and (C) in Figure 3.9. However, the roughness of the pipe 
is gradually reduced as more and more ribs pass; thus the bond stress decreases 
successively with increased slip. Between the abrupt failure at (C), Curve (b), and 
the more ductile failure at (F), Curve a, an infinite number of intermediate failure 
modes exist, depending on the confinement provided. By the confinement a 
residual bond capacity is obtained in spite of severe splitting cracks through the 
concrete cover, see (D) and Curve (C) in Figure 3.9 [106]. 
 
Several different approximations of the local bond-slip relationship have been 
proposed. Eligehausen et al [61] performed an experimental and analytical 
investigation of the local bond-slip relationship of ribbed bars in concrete. For 
monotonic loading, they proposed a non-linear relationship consisting of four 
different parts see Figure 3.10, which has been adopted in the CEB-FIP Model 
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Code 1990 [35]. The following equations are used to describe the local 
relationship between bond stress and slip, with the parameters in the equations 
defined as in Table 3.1. 
The ascending branch is  
       . 
 
  
 
 
                                                                  For   0            (3.1) 
The plateau is  
                                                                                      For               (3.2) 
The linearly descending branch is  
                                          For               (3.3)                            
and the constant residual part is  
                                                                                           For              (3.4)    
 
 
Figure 3.10: Bond Stress-Slip relationship according to CEB-FIP Model Code 1990 [35] 
Shearing off 
Friction 
Adhesion 
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Parameters 
Unconfined concrete1 Confined concrete2 
Bond conditions Bond conditions 
Good All other cases Good All other cases 
S1 0.6 mm 0.6 mm 1.0 mm 1.0 mm 
S2 0.6 mm 0.6 mm 3.0 mm 3.0 mm 
S3 1.0 mm 2.5 mm 
Clear rib 
spacing 
Clear rib 
spacing 
 0.4 0.4 0.4 0.4 
max 2.0(fck)
0.5 1.0(fck)
0.5 2.5(fck)
0.5 1.25(fck)
0.5 
f 0.15max 0.15max 0.40max 0.40max 
 
1)   Failure by splitting of the concrete  2) Failure by shearing off the concrete between the ribs 
 
Table 3.1: Parameters defining the local bond stress-slip relationship according to CEB-
FIP model Code 1990 [35] 
 
3.5 Bond under cyclic Loading 
3.5.1 General 
Bond performance under cyclic loading has effects both on the ultimate behavior 
(flexure and shear capacities) and serviceability behavior (cracking, tension 
stiffening and deflections). Bond research under cyclic loading is almost as old as 
reinforced concrete itself [147] [28] [10]. Repeated or cyclic loading produces a 
progressive deterioration of bond that may lead to failure at cyclic bond stress 
levels lower than the ultimate stress under monotonic loading. Accumulation of 
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bond damage is supposed to be caused by the propagation of micro-cracks and 
progressive crushing of concrete in front of the lugs. Their effect is observed as 
slip increase. Deterioration of bond under repeated loading is observed in 
increasing slip. Maximum and minimum levels of the repeated load, type of 
amplitude (constant or variable), frequency and sequence of amplitudes, type of 
load control (force or slip) and number of load cycles are important loading 
parameters [31]. The bond failure under repeated loading takes place by failure of 
the concrete either by shearing off the concrete between the lugs or by 
longitudinal splitting of the concrete cover. Bond resistance before failure is 
basically provided by bearing of the lugs, therefore, concrete compressive 
strength is generally considered to be the key parameter and not the tensile 
strength [8]. Adequate confinement is very important against early splitting mainly 
under cyclic loading. 
3.5.2 High Cycle Fatigue 
The most significant effect of high cycle fatigue is reducing the bond strength at 
failure by accelerating the rate of bond deterioration. The high cycle fatigue can 
lead to failure of a structure subjected to repeated loadings at a stress lower than 
the ultimate stress under monotonic loading. The number of cycles to failure is a 
function of both the static load and the varying superimposed load. The analysis of 
systems under fatigue loading is complicated by the need to account for changes 
in material properties with time. The most recent data indicates that the ultimate 
bond strength under fatigue loading is directly related to internal damage of the 
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concrete. Thus, repeated loads have a similar influence on the bond strength and 
slip as on deformation and failure of unreinforced concrete [126] [8]. 
3.5.3 Mechanism of Deterioration 
The main mechanism of deterioration seems to be progressive crushing of 
concrete in front of the lugs. In most bond fatigue tests, four separate stages are 
apparent. The first is a fast increase in slip due to initial crushing of the concrete; 
the second is a rapid reduction in the slip rate due to the stabilization of the 
process; the third is a long portion with a constant slip rate; and the fourth is a fast 
increase in the slip rate as the failure approaches. Such a response is typical of a 
pullout failure. A splitting failure would result in a sudden drop in local load-
carrying capacity. 
3.5.4 Fatigue Behavior of Plain Concrete 
The fatigue properties of concrete are a function of the accumulation of 
irreversible energy deformation, which manifests itself as inelastic strains in the 
form of cracks and creep. The fatigue strength of a typical concrete member 
corresponding to a life of ten million cycles is about 55 percent of the initial static 
strength of the member. The factors that govern this behavior include the range of 
load, rate and frequency of loading, loading eccentricity, history, material 
properties and environmental conditions [10]. 
In general, three phases can be found in a fatigue process; crack initiation, 
propagation and failure. Crack initiation is where micro cracks initiate at 
discontinuities and stress concentrations and are formed during the hardening 
process of concrete. Crack propagation is where a crack grows a small amount 
with each load change and eventually leads to failure. 
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3.5.5 Fatigue behavior of Steel reinforcement 
Cyclic load on steel reinforcement causes micro cracking that, in-turn initiates a 
stress concentration on the bar surface. The crack then propagates as the stress 
continues to cycle. At a critical crack length, the propagation can become unstable 
leading to sudden fracture. Helgason et al [124] reported the lowest stress range 
known to have caused a fatigue failure in their tests on bars in a concrete beam, 
which was at 145 MPa. ACI Committee 215 [10] recommended that the maximum, 
allowable stress range (Δ ) for reinforcing steel subjected to fatigue is 161 MPa. 
 
3.5.6 Fatigue behavior of concrete members 
Failure of concrete members under high-cycle fatigue can be triggered by fatigue 
of the concrete in compression or the reinforcing bars in tension, or by a bond 
failure. The first two aspects are discussed in detail in ACI 215R [10]. 
 
3.6 Summary 
Based on the above discussion, bond performance has effects on both ultimate 
behavior (flexure and shear capacities) and serviceability behavior (cracking, 
tension stiffening and deflections).  
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Chapter 4 
 
4    Stress Redistribution in RC Members Strengthened with CFRP Strips 
4.1 Preface 
This chapter briefly presents the influence of tension stiffening, cracking on the 
stress redistribution and crack width under service loadings (serviceability limit 
states SLS) and on fatigue (ultimate limit state ULS) of reinforced concrete 
members strengthened with CFRP strips. Models for calculating the crack width 
are presented and discussed as well as the main factors affecting the stress 
redistribution. Finally, an analytical bond model for determining the stress 
redistribution between steel/fiber in steel reinforced concrete members 
strengthened with carbon fiber is developed. 
Several investigations on the stress redistribution in prestressed and post-
tensioned structures can be found in [81] [143] [145] [150] [131]. On the contrary, 
the influence of different bond behavior and stress redistribution in RC members 
strengthened with CFRP strips has not been sufficiently investigated. In order to 
design RC members strengthened with CFRP strips, usually a perfect bond 
between steel/CFRP reinforcement and concrete is assumed. Moreover, the steel 
strain is assumed equal to the concrete strain at the same position. These 
assumptions are not accurate to check the steel stress at the ultimate limit state, 
because the different bond behavior of steel/CFRP reinforcement is not taken into 
consideration. The bond between steel reinforcement and concrete depends on 
the transmitted tensile force, the available bond surface and the surface of the 
 4  Stress redistribution in RC members strengthened with CFRP strips 
60 
 
reinforcing bars which leads to relatively high bond. The soft epoxy which bonds 
the fiber strips with concrete leads to a decrease in the bond force transmission as 
well as the smooth surface of fiber strips in the epoxy. The tensile behavior of RC 
members strengthened with CFRP strips can be illustrated by the spring analogy 
in Figure 4.1. 
 
 
 
Figure 4.1: Spring analogy for element reinforced with steel (E2A2) and CFRP (E1A1) 
The spring with large stiffness represents the steel (E2A2, high bond strength), 
while the spring with lower stiffness represents the fiber (E1A1, low bond strength). 
Both springs are stretched together by the same force F and deflection L. At 
state  (no cracking) using the concept of equilibrium forces F=F1+F2 and the 
compatibility of the force distribution with the stiffness, the stiffer spring receives a 
larger force: 
fiber = steel = 
   
    
 = 
   
    
       (4.1) 
 
At state  (cracking state), due to the different bond behavior between steel/fiber 
reinforcement and concrete, the strain in the steel is not equal to the strain in the 
fiber fibersteel. Hence different stress levels of steel/fiber reinforcement are 
F2 
F 
L 
E2A2   E1A1 
 
F1 
E1A1 
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reached during cracking. The effects of the different bond performance on the 
stresses in a cracked RC beam strengthened with CFRP are shown in Figure 4.2. 
Both, the bond strength and the distribution of transferred tensile forces in the 
reinforcements depend on the strain increase in the vicinity of the crack. 
 
 
 
Figure 4.2: Steel/Fiber reinforcement stress in RC beam strengthened with CFRP strips 
This effect is called the stress redistribution. From literature [145] [150] [131] 
[144], it is well known that the bond strength of steel reinforcement is greater than 
the bond strength of the post-tension steel, so the stress increases more in the 
steel reinforcement than in the post-tension steel. For RC members strengthened 
with fiber, a similar behavior is expected as in post-tensioned structures. The 
whole crack process consists of: 
 First Cracking 
 Cracking  formation and  
 Stable Cracking (crack opening) 
 f   
 
Reinforcement Stress 
1 
Sec.1-1 
A
s 
Af As 
 s   
 
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4.2 Tension Stiffening Effects 
In a reinforced concrete member loaded in tension the tensile force is resisted by 
both the reinforcing steel and the surrounding concrete because the bond 
stresses allow the load transfer between the bars and the embedment. Only 
across a crack is the load carried entirely by the reinforcement. Consequently, the 
average strains in a bar embedded in concrete are smaller than those in a naked 
bar, at all stress levels. The decrease in steel strain due to the concrete may be 
considered as a stiffness increase of the reinforcement compared to the naked 
bar. Therefore this bond-related phenomenon is called “tension-stiffening”. [31]. 
The parameter   (Eq.4.2) is an index of tension-stiffening effectiveness. The 
greater the value of  , the more effective the stiffness contribution of the concrete 
becomes. 
  
 
   
    
   
      
                                                                                      (4.2) 
where  
   
    
 
 ,   
  
  
,     
  
  
   (for more details see [31]) 
Eq.4.2 shows that tension-stiffening effectiveness is (a) a decreasing function of 
the width of the primary cracks (W=2S0, where S0 is the bar slip at the loaded 
end), and (b) an increasing function of both the element length l and of the actual 
steel strain     in the cracked sections. The stiffening effect of the concrete 
between two contiguous cracks can also be explained by considering the 
relationship between the load and the average strain in both the uncracked and 
cracked states. A typical tensile stress-versus-strain diagram is shown in Fig.4.3, 
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where     is the average steel strain of the embedded reinforcement and      is 
the steel stress in a section when a primary crack forms (first cracks). 
 
 
 
Figure 4.3: Tensile stress versus (mean) tensile strain  
The relative slip is not taken into account in the uncracked stage, where the 
tensile force is transferred partly to the reinforcement and partly to the concrete, 
depending on their stiffness. Both the slip and the primary cracks are introduced 
indirectly in the subsequent nonlinear branch. Starting from point a, a relationship 
can be developed between the steel stress and the average strain of the 
embedded reinforcement     (that is equal to the average strain in the 
member   ), as 
                                                                                                                         (4.3) 
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a 
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where  
Esm is the effective modulus of elasticity of the steel bar (Fig.4.3).  
Several methods can be used to determine     . The Eurocode 2 (1990) [64] 
gives 
   =
  
  
.          
    
  
 
 
                                                                                        (4.4) 
where 
   and   take into account the bond characteristics and the nature of the loads  
  =1.0 for ribbed bars, = 0.5 for smooth bars. 
  =1.0 for short-term loads, = 0.5 for long term or repeated loads. 
From Eq. 4.3 and Eq.4.4 we have 
    
  
        
    
  
 
                                                                                                     (4.5) 
CEB-FIP Model Code 90 (1993) [33] defines the following stages: uncracked 
concrete, crack formation, stabilized cracking (in which only crack widening 
occurs) and post-yielding, (Fig. 4.4). Accordingly, a modified stress-strain relation 
of the embedded reinforcement has been proposed (Fig. 4.4), for modeling the 
tension-stiffening effect. 
 
 
 
 
 
 
4  Stress redistribution in RC members strengthened with CFRP strips 
65 
 
 
 
 
 
Figure 4.4: Idealized behavior of reinforced concrete tension members [33] 
4.3 Crack width and Crack Pattern 
4.3.1 General 
Many methods for predicting crack widths have been developed for reinforced 
concrete. Most crack prediction methods are fundamentally based on one of the 
following approaches [23]. 
• Methods relating crack width to the tensile stress in the steel reinforcement, and 
• Methods relating the crack width to a fictitious tensile stress in the concrete. 
The first method is more widely used, and is in the focus of this section. The 
development of crack width prediction methods has traditionally used either a 
statistical analysis of test data or basic principles of cracking in concrete. In the 
Tensile  Force 
a 
b 
c 
d 
R 
S 
Y 
a   uncracked  (State I) 
 b   cracked  formation 
c   stabilized cracking 
d   post yielding 
R    first crack 
S   final crack pattern 
Reinforcement 
(unembedded) 
Tension Stiffening 
A
f 
Y   yielding 
Elongation 
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latter case, the methods are normally refined using crack data. Three different 
crack prediction methods will be discussed in the followings. The first is a widely 
used statistically based model for reinforced concrete, while the other two models 
are based on cracking principles [149].  
 
4.3.2 GERGELY-LUTZ Crack width Expression  
The Gergely-Lutz crack width expression [74] is a well-known method for 
estimating maximum surface crack widths for reinforced concrete members. A 
modified form of the Gergely-Lutz expression is used for the crack control 
provisions contained in the AASHTO (Bridge Design Specifications) [1]. Clause 
5.7.3.4 in the AASHTO emphasizes reinforcement details (bar spacing and 
concrete cover) and the level of stress in the bars at service load levels, and does 
not explicitly compute crack widths. The ACI Building Code Requirements for 
Structural Concrete (ACI 318) [15] also uses a modified form of the Gergely-Lutz 
expression. Although different from the AASHTO format, the ACI 318 approach 
also emphasizes reinforcement details and the level of stress in the bars rather 
than calculated crack widths. The ACI Publication ACI 224R-90, “Control of 
Cracking in Concrete Structures” [9] also recommends the Gergely-Lutz 
expression. The Gergely-Lutz expression for maximum tension face surface crack 
widths was developed based on an extensive multiple regression analysis of data 
from six experimental investigations of cracking in reinforced concrete. The 
primary variables include the steel stress, concrete cover, area of concrete in 
tension and the number of reinforcing bars. Two expressions were proposed by 
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Gergely and Lutz, with the simpler version adopted by AASHTO [1] and ACI [15] 
[9]. This expression is given in Eq. 4.6. 
          
  
  
     
  
 
 
 
  
                                                                                    (4.6) 
 
where 
 
w = tensile face surface crack width, in. 
Ae = 2b (h-d)  
effective area of concrete in tension surrounding tensile 
reinforcement 
m = number of tensile reinforcing bars 
dc = thickness of concrete cover measured from the extreme tension 
fiber to center of bar 
fs = steel stress calculated by elastic cracked section theory 
h2 = h – c 
h1 = d – c 
The effective area of concrete in tension is defined in Figure 4.5 
 
Figure 4.5: Calculation of Effective Concrete Area in Tension for Gergely-Lutz Approach 
4.3.3 CEB-FIP 1990 MODEL  
The CEB-FIP 1990 Model Code (MC 90) [33] also specifically identifies cracking 
as a limit state in the design process. Similar to MC 78, the MC 90 crack width 
model is based on general principles of cracking in concrete. However, the MC 90 
model defines the characteristic crack widths as a function of the length over 
which slip between steel and concrete occurs near a crack, and the difference 
c 
b 
Neutral 
axis d 
h 
2(h-d) 
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f 
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between the average steel and concrete strains within the length of slip. The 
characteristic crack width is compared to allowable limits to satisfy the limit state. 
The MC 90 crack width model also allows the effect of shrinkage strains to be 
introduced. Another difference between MC 90 and MC 78 is that MC 90 identifies 
different phases of cracking to better represent observed cracking behavior and 
crack formation in structural concrete, as shown in Figure 4.6. 
The MC 90 crack width model is as follows: 
                                                                                                  (4.7) 
 
where 
 
wk = characteristic crack width, mm 
Lmax = length over which slip between the steel and concrete occurs, mm 
εsm = average steel strain within Lmax 
εcm = average concrete strain within Lmax 
εcs = concrete strain due to shrinkage 
 
with 
                           
                                                                                                                       (4.8) 
where 
    = steel strain at the crack, calculated for a cracked section under 
the combination of actions being considered 
  = empirical factor to assess average strain within Lmax  
(see Table 4.1) 
 ε   = ε    - ε    
ε    = steel strain in the uncracked section under cracking forces 
reaching fctm 
ε    = steel strain at the crack, under forces causing fctm within Ac,ef 
 = εsr2 is analogous to the cracked section steel strain calculated at 
the cracking moment, and 
 = is approximated in MC 90 by Eq.4.9 
 = εsr2 should not be taken greater than εs2 
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                                                                                     (4.9) 
 
with 
 
fctm = mean value of concrete tensile strength at the time of cracking, MPa 
 s,ef = effective reinforcement ratio, As/Ac,ef 
As = steel area within Ac,ef, mm
2 
Ac,ef = effective area of concrete in tension, as illustrated in Figure 4.5, 
mm2 
 e = Es/Ec (Ec at the time of cracking) 
The various steel strains are illustrated in Figure 4.6 
 
 
Single Crack Stabilized Cracking 
            
Short term/instantaneous loading 0.6 1.80fctm 0.6 1.80fctm 
Long term/repeated loading 0.6 1.35fctm 0.38 1.80fctm 
Table 4.1: Values of   and     according to MC90 [33] 
Single Crack Formation Phase 
The single crack formation phase is defined as follows: 
                                          for reinforced concrete members 
                                                    for prestressed concrete members 
where: 
     Steel stress at the crack, calculated for a cracked section under the 
combination of actions being considered, MPa 
     = force in tensile reinforcement after decompression, kN 
           =            (expressions are provided in MC 90 to estimate   and 
    or   they may be calculated using first principles) 
 
A
f 
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The length Lmax is calculated as: 
     
 
 
 
     
     
 
     
     
      for single crack formation                              (4.10) 
where: 
  = 1 for reinforced concrete 
 = 2 for combinations of steel reinforcement and prestressed steel 
   = Reinforced bar diameter, mm 
   = prestressing bar diameter, mm 
      = Characteristic bond stress for deformed reinforcing bars, 1.8 fctm,  MPa 
      = Characteristic bond stress for prestressing steel,  MPa 
 = 0.36 fctm for post-tensioning tendons with smooth bars or wires 
 = 0.72 fctm for post-tensioning tendons with strands or indented wires 
 = 1.08 fctm for post-tensioning tendons with ribbed bars 
 = 1.08 fctm for pretensioned tendons with ribbed bars 
 = 0.72 fctm for pretensioned tendons with strands 
Stabilized Cracking Phase 
The stabilized cracking phase is defined as follows:  
                                 for reinforced concrete members 
                                          for prestressed concrete members 
     
  
                  
                    for stabilized cracking                            (4.11) 
      = effective prestressed reinforcement ratio,          
   = prestressed steel area within       mm
2 
   =                    
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The length of slip, Lmax, is depending on the phase of cracking for the combination 
of actions being considered. Slightly different provisions are provided for 
reinforced concrete and prestressed concrete, but some simplifications are 
permissible to give a generalized form. 
 
 (a) For Single Crack [33] 
 
 (b) For Stabilized Cracking [33] 
Figure 4.6: Strains for Crack Width under MC 90 
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4.4 Factors affecting Stress Redistribution 
From the literature the main factors affecting the stress redistribution can be 
summarized as follows (see Fig. 4.7): 
 
 
 
 
 
 
Figure 4.7: Factors affecting Stress Redistribution 
 
(a) Reinforcement ratio: Based on [145][150][131] prestressed elements with 
higher Ap/As ratio have higher stress-redistribution compared to elements with 
lower Ap/As ratio.  
(b) Loading type: Based on [143] [150][130] the bond behavior of steel 
reinforcement is affected by the load type (static/cyclic), which has an 
influence on the stress-redistribution. 
(c) Cracking State: Based on [150][131] it can be expected that the stress 
redistribution in the state of first cracking has the largest value which 
decreases significantly with progressive cracking. That is due to the influence 
of crack spacing and the overlap between different bond stress lengths. 
(d) Concrete: In [82] the influence of the stress redistribution in high strength 
concrete post-tensioned structures has been investigated. In this research 
only normal strength concrete will be considered and investigated. 
Stress Redistribution Loading 
Cracking 
State 
A
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Concrete Strength 
Reinforcement ratio Af / As 
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4.5 The Effect of different Bond and Stress Redistribution 
To date no information is available for predicting the affects of different bond 
behavior and stress redistribution between steel reinforcement and CFRP strips 
on stress limits and crack control under service loadings (serviceability limit states 
SLS) and on fatigue (ultimate limit state ULS). On the contrary, many studies 
investigate the influence of different bond behavior on the stress redistribution 
between steel reinforcement and prestensioned / post-tensioned steel. The study 
and understanding of the research related to the steel and prestensioned / post-
tensioned steel will help in understanding the different bond behavior and stress 
redistribution between steel reinforcement and CFRP strips.  
The influence of different bond behavior and stress redistribution is taken into 
account through two verifications: 
 Crack width verification 
 Fatigue verification 
For RC members strengthened with CFRP strips, a similar effect is expected as in post-
tensioned and prestressed structures. The effect of different bond behavior of 
prestressed steel and reinforcing steel is taken into account by increasing the stress 
value in the reinforcing steel calculated under the assumption of perfect bond by the 
bond factor  . The study by Thormählen [144] is the main basic equation for 
determining the bond factor    in many different codes. Thus, the effect of different 
bond behavior of CFRP strips and reinforcing steel can taken into account by 
increasing the stress value in the reinforcing steel calculated under the 
assumption of perfect bond by the bond factor  f. This effect is important for the 
crack width verification as well as for fatigue verification. Therefore, the equation 
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(4-13) from [143][83] which determines the bond factor for prestressed elements 
needs to be modify to be adequate for RC members strengthened with CFRP 
strips : 
  = c1.c2.c3.
         
         
 = c1.c2.c3.
             
              
 = c1.c2.c3.  0  (4.12)  
where: 
 
c1 coefficient for different bar diameter (c1=1.0) 
c2 coefficient for concrete fc and grout fg strengths  
(c2= fg/ fc) 
c3 coefficient for time-dependent behavior 
c3=(1-p(t))/(1-s(t)) 
(wires: c3=0.87; smooth prestressed steel: c3=0.93; 
ribbed prestressed   steel: c3=0.8) 
p(t),s(t)                      bond relaxation coefficient 
    related rib area of reinforcement 
 0                        bond factor (wires:  0=0.81; smooth prestressed steel: 
 0=0.35; ribbed prestressed steel:  0=1.0) 
 
The related rib area for the reinforcement is fR,s=0.056 [59] and fR,s=0.04 for wires 
[150]. In different codes the bond factor is the bond stress ratio between 
prestressed steel and reinforcement steel: 
  = 
   
   
    (4.13)  
As shown in Table (4.2) the bond factor   for prestressed wires is 0.60 in Model 
Code 90 [43], DIN 1045-1[56] and Eurocode 2 [64]. In the ACI 318-05 [3] code the 
bond factor is equal to 2/3. However, considering the influence of different bond 
behavior and stress redistribution in RC members strengthened with CFRP strips 
is not sufficiently investigated in the European or ACI codes.  
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 Model Code 90 [43] DIN1045-1 [56 ]**/EC2 [64]** 
Crack width Fatigue Crack width Fatigue* 
wires prestressed 0.6(0.4) 0.6(0.4) 0.6(0.5) 0.6(0.5) 
profiled prestressed 
steel 
0.6(0.4) 0.8(0.6) 0.7(0.6) 0.7(0.6) 
ribbed prestressed steel 0.8(0.4) 0.8(1.0) 0.8(0.7) 0.8(0.7) 
 
Table 4.2: The ratio of bond strength of prestressing steel and high-bond reinforcing steel 
where 
 
( ) Values in brackets for post-tensioned bond  
* Fatigue verification for prestressed steel in state II 
** DIN 1045-1:for concrete strength  C55-67 the bond factor   for post-tensioned 
bond is decreased to 50%. 
** EC2: for concrete strength  C70-85 the bond factor   for post-tensioned bond 
is decreased to 50%. 
  = 0.2 for smooth prestressing steel  
 
The approach of DIN 1045-1[56] and Eurocode 2 [64] is based on [100]. Then 
there is the reinforcing steel stress under consideration for the stress 
redistribution: 
      
     (4.15)  
 
where   
   
     
       
   1.0 and        
  
  
 
AS                          reinforcement steel cross-section 
Ap                          prestressed steel cross-section 
ds                           reinforcement steel diameter 
dp                          prestressed steel equivalent diameter 
                             ratio of bond strength 
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Model code 90 [43] DIN 1045-1 [56] / Eurocode 2 [64] 
Analysis of stresses in reinforced and prestressed members under fatigue loading 
      
         
   
  
  
  
  
  
  
  
    
  
  
   
     
        
 where  
 
     
  
  
 
Bond factor 
     = 0.60      = 0.60 
Table 4.3: Comparison between the design rules base on [43] [56] [64] for the stress 
redistribution for Fatigue verification 
4.6 Analytical Modeling of Bond between Steel/CFRP and Concrete 
4.6.1  The Derivation of Differential Equations 
The slip of steel/CFRP bonded in concrete is governed by Rehm‟s differential 
equations [125] established for the case of different bond. These differential 
equations can be used for RC members strengthened with CFRP strips, taking 
into account the effective bond length les for the steel reinforcement and the 
effective bond length lef for the fiber reinforcement: 
 At range 0  x  les shown in Figure (4.8) the steel reinforcement transmits a 
bond stress higher than the CFRP. 
    
   
 
 
  
      
  
  
                     
  
  
    (4.16) 
    
   
 
 
  
      
  
  
                     
  
  
)  (4.17) 
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 At range les  x  lef  shown in Figure (4-9) only the CFRP reinforcement 
transmits the bond stress 
    
   
 
 
  
 
      
  
   
     
       
     (4.18) 
Here, the bond stress of the steel       
 = f (ss) and the CFRP       = f (sf) is 
again functions of the slip where the following conditions are assumed: 
 
 The steel, CFRP and concrete material behave elastically. 
 The cross sections are subjected to Bernoulli hypothesis (plane strain). 
 The bond stress always occurs due to the slip between steel/CFRP reinforcement and 
concrete. 
The above differential equations enable us to find the stress states for RC 
members strengthened with CFRP in the cracked cross section. Two possible 
approaches to solve these equations are available, namely the numerical 
approach and the simple approximate approach. Here, the analytical model is 
followed. 
 
 
Figure 4.8: Differential element of a cross section in the range 0 x  les 
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Figure 4.9: Differential element of a cross section in the range les x lef 
 4.6.2  The Bond Law 
In order to find a solution for the nonlinear differential equations 4.16 to 4.18 
mathematical approaches are applied to the bond stress-slip relationship for 
reinforcement steel and CFRP strips. As shown in [43] [44] [121] [127] [72] [133], 
the bond stress  (x) can be assumed by one of the following functions: 
 
 Constant functions   (x) = f (x) = const. 
 Linear functions   (x) = a + b · s 
 Exponential functions   (x) = c · s  
 
Assuming an exponential function for bond stress-slip relationship, we obtain 
nonlinear differential equations in the second order form. A simple approximate 
solution for differential equations of the first crack state exists under the 
assumption of rigid-plastic bond law in the form  (x) = f (s) = m = const [44]. 
Based on the equilibrium and compatibility conditions, the steel/CFRP 
reinforcement stress in the first crack state can be obtained. This is explained in 
details in the upcoming Section 4.6.3. 
dx 
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4.6.3  Steel and CFRP Stress Distribution at the First Crack State 
According to the rigid-plastic bond law  = f (l) = const, and assuming that both the 
strain of steel and fiber reinforcement in cracked cross-section are equal, the steel 
reinforcement stress  s,R and the CFRP reinforcement stress  f,R distributed in the 
tension zone at the first crack state are determined according to Figure (4.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure4.10: Stress relationship in RC members strengthened with CFRP strips 
The slip of the steel and the fiber reinforcement are approximately equal. 
Neglecting the different concrete strain due to the different lengths, the equilibrium 
of steel and fiber reinforcement over the length les and lef respectively leads to: 
sm · les =fm · lef  (4.19) 
 
For simplicity, the average steel/CFRP strain εsm and εfm over the bond length les 
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and lef respectively are taken about 50% of the steel/CFRP reinforcement strain at 
the crack εs and εf respectively [146]. Based on the assumption of the equilibrium 
of the internal and external forces, the specific bond lengths les and lef are 
determined respectively: 
les = 
    
     
 and  lef = 
    
     
  (4.20) 
 
From equations (4.19) and (4.20), the stress ratio between the fiber and the steel 
is obtained as: 
  
  
    
       
      
     (4.21) 
 
where 
    = 
                     
                      
      = 
   
   
     Steel/CFRP mean bond stress ratio     
    =  
                        
                       
 
  
  
      Steel/CFRP reinforcement area ratio 
    = 
                       
                        
 
  
  
      CFRP/steel reinforcement area ratio 
   =                   CFRP surface area  
   =              Steel surface area 
 
From the above equations, the stress ratio between the CFRP and the steel is  
  
  
    
               
        
    (4.22) 
and 
   
  
  
    
  
  
  (4.23) 
 
From Equation (4.19), we get the ratio between the steel/CFRP bond lengths 
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 
       (4.24) 
where 
   is a modular ratio 
                             
                              
 
  
  
 
 
From Equations (4.22) to (4.24) we get 
 
   
   
       
  
  
 
          
    
   (4.25) 
From Equations (4.24) and (4.25), we get the CFRP stress at the first crack state 
                
  
  
 
          
    
  (4.26) 
Using the equilibrium of the internal and external forces at first crack state 
                          (4.27) 
From Equations (4.26) and (4.27), we get the steel stress at first crack state    
        
      
             
  
  
 
          
    
  
   (4.28) 
The total stress       in State  is 
          
      
     
   (4.29) 
The steel stress ratio in State   at the first crack state is 
        
  
    
   (4.30) 
From Equations (4.29) and (4.30), we get the increase factor    
      
    
          
  
  
 
          
    
 
 (4.31) 
 4  Stress redistribution in RC members strengthened with CFRP strips 
82 
 
The effect of the different bond behavior of the CFRP and the steel reinforcement 
becomes significant for high [ACFRP/ASteel] ratios and is taken into account by 
scaling the stress range in the steel reinforcement calculated under the 
assumption of perfect bond by the factor   . 
 
4.6.4  The Bond ratio [ 
 
] 
The different bond behavior of the steel/CFRP reinforcement is taken into 
consideration based on the bond ratio factor  
 
, where 
    = 
                     
                      
  = 
   
   
                                                                           (4.32) 
The mean CFRP bond stress     was calculated by the formula proposed by 
Blaschko et al. [24] Equation 4.33 and also the formula proposed by Hassan et al. 
[77] Equation 4.34. 
max = 0.2     
 
 . af                                                                                                    (4.33) 
max = 0.2    
 
 . 25 = 14.46 N/mm2 
where, af is the average shear strength of the epoxy and [  
 ] is the edge effect, 
and according to Hassan‟s formula:  
max= 
  
     
  
     
                                                                                                               (4.34) 
max= 
       
       
 = 2.40 N/mm2 
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where,   
  and     are the average (cylinder) compressive and average tensile 
strengths of concrete, respectively. The large difference between the predictions 
of the Equations (4.33) and (4.34) was a result of the different materials controlling 
the failure (epoxy for (Eq.4.33) and concrete for (Eq.4.34)) and thus the different 
interfaces that these two formulae correspond to; the concrete shear strength is 
much smaller than that of the adhesive. 
In contrast to the previous values of the CFRP bond stressmax, our experiments 
show that max ranges from 0.80 to 1.20 N/mm2. Therefore, the mean CFRP bond 
stress     = 1.00 N/mm
2 was taken. On the other hand, the mean steel bond 
stress     was calculated by the formulas proposed by Tue [145], Model Code 90 
[43] and DIN 1045-1 [56]. 
This gives the values shown in Table 4.4. The average of these values is used as 
the mean bond stress     = 5.00 N/mm
2. 
Tue [145] (x) = 0.29 . fc,cube .s(x)
0.30
 0.1mm,s = 4.3 N/mm2 
Model Code 90 [43] (x) = 2.50 . fcm 
0.5
 .s(x)
0.40
 0.1mm,s = 5.7 N/mm2 
DIN 1045-1[56] 
(x) = 2.25 . fctk;0.05  0.1mm,s = 5.1 N/mm2 
Table 4.4: Bond stress-slip rules base on [145], [43] and [56] 
Using     = 1.00 N/mm
2and     = 5.00 N/mm
2 in the Equation 4.32, the bond ratio 
factor  
 
 was about 0.20. 
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To experimentally specify the value of the bond ratio factor    at the first crack 
state, we record in Table 4.5 all the measured mean steel bond stresses     
and the mean bond CFRP stresses     based on our own tests. As shown in this 
Table, the bond ratio factor  
 
 ranges from 0.14 to 0.19. The average bond ratio 
factor  
 
 was taken equal to value 0.20 which is equal to the value computed from 
Equation 4.34. The detailed experimental results are given later in the chapter 6. 
   
 
 
Specimen 
Asteel 
[mm2] 
ACFRP 
[mm2] 
FCrack 
[kN] 
FSteel 
[kN] 
FCFRP 
[kN] 
Steel,m 
[N/mm2] 
CFRP,m 
[N/mm2] 
      
[--] 
K4 314 200 90 73.30 16.17 0.65 0.10 0.16 
K5 314 200 90 70.80 19.20 0.63 0.12 0.19 
K6 804 200 120 102.62 17.38 0.57 0.11 0.19 
K7 1256 200 150 136.30 13.70 0.60 0.09 0.15 
K8 314 300 90 66.05 23.95 0.58 0.10 0.17 
K9 804 300 120 99.50 20.50 0.55 0.08 0.15 
K10 1256 300 150 131.18 18.82 0.58 0.08 0.14 
Table 4.5: Bond ratio factor based on the test results at the first crack 
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4.7 Summary 
Based on the above discussion, the influence of tension stiffening, cracking and 
stress redistribution on stress limitation and crack control under service loadings 
(serviceability limit states SLS) and on fatigue (ultimate limit state ULS) of 
reinforced concrete members strengthened with CFRP strips are significant and 
have to be taken into considering. Finally, an analytical model taking into account 
the different bond behavior of steel and CFRP reinforcement in concrete has been 
developed in order to describe the stress-strain behavior of RC members 
strengthened by CFRP strips. 
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Chapter 5 
 
 5  Experimental Program 
5.1 Preface 
This chapter presents the details of the experimental program undertaken in this 
study. The main goal of the experimental program is highlighted. The fabrication 
process, specimen configurations, test setup, instrumentation, and testing 
procedures for phase I, and II of the experimental program are provided. Finally, 
the material characteristics are identified. 
This research program is performed to indentify the influence of different bond 
behavior and stress redistribution in RC members strengthened by CFRP strips. 
The experimental program investigates the influence of the reinforcement ratio 
ACFRP/ASteel, the distance between strips, the tension-stiffening, the cracking and 
the type of load (static or cyclic) on the stress redistribution. The experimental 
program consists of ten uniaxial tensile specimens: three specimens without 
laminate strips are used as reference specimens (Phase I), and seven specimens 
are strengthened with laminate strips CFRP (Phase II) as given in Table 5.1. 
Variables considered are the steel bar diameter, the strip width, the reinforcement 
ratio ACFRP/ASteel and the type of load (static or cyclic). 
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Group  Description 
Steel 
Reinforcement 
CFRP Strips 
width x 
thickness 
[mm] x [mm] 
Strips 
no/side ACFRP/ASteel 
1 
K1 
Control 
Specimens 
4  10 
----- ----- ----- K2 4  16 
K3 4  20 
2 
K4 
Strengthened 
Specimens 
4  10 
20 x 2.5 2 / Side 
0.640 
K5 4  10 0.640 
K6 4  16 0.250 
K7 4  20 0.160 
3 
K8 
Strengthened 
Specimens 
4  10 15 x 2.5 4 / Side 0.960 
K9 4  16 
20 x 2.5 3 / Side 
0.380 
K10 4  20 0.240 
K4 tested under static load 
Table 5-1: Test matrix of the experimental program 
 
5.2 Selection of Test Specimen  
The uniaxial tensile test may be used to investigate the Load-Deformations 
behavior of a reinforced concrete beam under loading. The tension zone of a 
beam in bending can then be modeled as shown in Fig 5.1. 
 
Figure 5.1: Beam model under bending stress according to [63] 
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For simplification, the deformation due to shear force may be neglected. In this 
way the Load-Deformation behavior of the bending stress member can be 
represented by the superposition of the Load-Deformation relationship of the 
compression and the tension chord. The advantages of using the uniaxial tensile 
test instead of using the beam test are the material and cost savings. In addition, 
the influence of creep in the concrete compression zone is eliminated. The 
primary purpose of the current investigation is to answer the following questions: 
 What is the contribution of the FRP strips (load capacity) for the FRP 
strengthened reinforced concrete structural element? 
 What is the stress redistribution which occurs in a FRP strengthened 
reinforced concrete element under service conditions? 
 What is the influence of the stress redistribution on the crack width and 
crack spacing under service conditions? 
 What is the influence of strengthening with CFRP strips on the tension 
stiffening? 
5.3 Specimen Configuration and Test Setup 
The specimen dimensions are shown in Fig. 5.2. It has a total length of 1800 mm 
as shown in Fig. 5.3. The dimensions of the cross section are 220 mm width by 
220 mm depth. They are reinforced with four bars as tension reinforcement 
according to Table 5.1. A typical concrete cover of 25 mm was used. For the 
strengthened specimens, grooves with 25 mm depth and of 4.0 mm width were 
made into the two sides of specimens to allow the placement of CFRP strips in the 
specimens acting as NSM reinforcement. The test set-up is shown in Fig. 5.3. 
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Figure 5.2: Specimen configurations 
 
Figure 5.3: Test Setup 
K1 K2 K3 
K4&K5 K6 K7 
K8 K9 K10 
Cross Section 
Unstrengthened 
Control Samples 
Cross Section 
Strengthened with 
2CFRP strips/side 
Cross Section 
Strengthened with  
3/4CFRP strips/side 
410 416 420 
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5.4 Material Properties 
5.4.1 Concrete 
The concrete was designed for a nominal strength of [25/30] MPa at 28 days. The 
concrete had a 20 mm maximum aggregate size and a 130 mm slump. Twelve 
cylinders and six cubes were casted together with each concrete test specimen to 
determine the compressive and the tensile strength of the concrete. A total of 
three cylinders were tested in compression and three cylinders were tested in 
tension. After the testing of each specimen, three cylinders were tested to 
determine the concrete compressive strength. The test results are given in Table 
5.2.  The average compressive strength of the concrete at the time of testing 
ranged from 28 to 30 MPa based on (DIN EN 12390-3) [57]. While, the average 
tensile strength based on the split-cylinder test ranged from 2.30 to 2.70 MPa 
based on (DIN EN 12390-6) [58].  
 
5.4.2 Steel Reinforcement 
Three specimens of the used steel reinforcement (BSt 500S) were tested under 
monotonic loading up to failure. The test results show an average yield stress of 
the reinforcing steel of around 560 MPa with a modulus of elasticity of 200 GPa. 
The ultimate strength was found to be 650 MPa based on (DIN 488-1) [59].  
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Speci-
men 
Initial Concrete properties Concrete properties at time of testing 
Performanc
e at 28days 
age fc,cube150 fc,zyl age fc,cube150 fc,zyl fct E-Modul fc,zyl,28d 
[d] [N/mm
2
] [N/mm
2
] [d] [N/mm
2
] [N/mm
2
] [N/mm
2
] [N/mm
2
] [N/mm
2
] 
K1 8 31.9 25.7 12 34.8 28.1 2.31 28400 34.1 
K2 7 28.9 23.3 38 37.9 30.6 2.83 30200 36.5 
K3 8 34.3 27.7 36 40.6 32.8 2.48 31000 35.4 
K4 14 35.9 28.98 20 36.5 29.5 2.30 26700 34.4 
K5 6 29.0 23.4 27 39.7 32.1 2.47 25700 33.6 
K6 7 28.9 23.3 35 33.3 26.9 2.76 28900 36.5 
K7 8 34.3 27.7 10 36.1 29.1 2.35 27600 35.4 
K8 8 34.7 28.1 25 36.6 29.6 2.77 25000 32.5 
K9 8 35.3 28.5 30 37.2 30.1 2.64 27400 33.4 
K10 8 31.9 25.75 14 34.1 27.5 2.78 25400 33.9 
Table 5.2: Compressive and tensile strengths of the concrete 
5.4.3 Sika Carbon Fiber Reinforced Polymer (CFRP) strips and Epoxy 
The CFRP strips used for strengthening were produced by Sika Germany. The 
stress-strain relationship of the strips is linear-elastic up to failure. The mechanical 
properties of the CFRP strips are provided by the manufacturer (Sika 
CarboDur). Based on the data sheet the average ultimate strain is 0.017 (1.70%), 
and the modulus of elasticity is 160 GPa. The thickness and the width of the 
laminate are specified by the manufacturer as 2.5 mm and 20 mm respectively for 
all specimens except the specimen K8 where, the thickness and the width of the 
laminate are 2.5 mm and 15 mm respectively.  More mechanical properties of the 
CFRP strips as given by the manufacturer are presented in Table 5.3. 
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Tensile Strength  
Mean value 3100 MPa 
Modulus of Elasticity  
Mean value 160000 MPa 
Table 5.3: Mechanical properties of the CFRP laminate 
 
5.4.4 Adhesive 
The Sika 30 epoxy was used for bonding. This epoxy was chosen because of its 
excellent mechanical properties. It has a high strength and a high modulus of 
elasticity. As provided by the manufacturer, its tensile strength at 7 days is 24 
MPa; it has an elongation at failure of 1%, and a modulus of elasticity of about 
2.70 GPa. The bond strength of Sikadur® 30 varies based on the curing 
conditions and the bonded materials.  
 
5.5  Specimen Fabrication  
The specimens were fabricated at the concrete laboratory at the Institute of 
Structural Concrete at RWTH Aachen University in Germany. Three sets of 
plywood forms were constructed to account for the shape and size of the 
specimens. The forms were cleaned and lubricated before the steel cages were 
assembled and tied in place. The cage was placed in the plywood form using bar 
chairs to maintain a 25mm cover to all sides of the specimen. The reinforcement 
cage and formwork are shown in Figure 5.4 
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 Figure 5.4: Typical reinforcement cage of specimens  
The concrete was vibrated using pin vibrator, and after placing covered with 
polyethylene sheets. The surface of the specimens was kept wet to prevent the 
occurrence of any shrinkage cracks, which could affect the behavior. Vibrating, 
casting and curing of the specimens are shown in Figure. 5.5. 
 
Figure 5.5: Vibrating, casting and curing of specimens 
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 5.6 Strengthening by NSM Technique 
To strengthen the specimens by near surface mounted strips, grooves were cut at 
the top surface of the concrete. The location of the grooves was first marked by a 
chalk line. The grooves are 180 mm apart. Employing concrete saw four grooves 
for specimens (K4 to K7) were cut, six grooves for specimens (K9 and K10), and 
eight grooves for specimen (K8). Each cut of approximately 4.0 mm width and 25 
mm depth at the top surface as shown in Fig. 5.6 
 
Figure 5.6: Cutting grooves for near surface mounted CFRP strips 
Sika 30 epoxy was used for bonding the CFRP strips to the surrounding 
concrete. The epoxy was pressure injected into the grooves to cover about the 
half of the groove height. The strips were placed in the grooves and gently 
pressed to displace the bonding agent as shown in Figure 5.7. The grooves were 
then filled completely with epoxy.   
 
Figure 5.7: CFRP strips inserted in epoxy 
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5.7 Testing Scheme and Instrumentation 
Eight linear variable differential transducers (LVDT‟s) and strain gauges were 
used to measure the specimen elongations. From 8 up to 12 strain gauges with 
sizes of 5 mm (120) were placed on the steel/CFRP strips reinforcement at mid-
length to measure the maximum tensile steel/CFRP strains. The specimens were 
tested under tension cyclic load using a computer controlled testing machine PSB 
1000. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Testing scheme and instrumentation 
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The following detailed measurements were recorded: 
 Load value. 
 Change in total length [deformation] 
 By using four LVDT‟s (two/side) with a length 1300 mm the average strain of the 
specimens was measured.  (See Fig. 5.8, Point a) 
 Local change in length 
The front and back side of the test specimen were provided with a SDM-points 
grid to measure the local concrete strain and crack widths with a measurement 
accuracy of 0.001 mm.    (See Fig. 5.8. Point b) 
 Steel/CFRP reinforcement strain measurements  
All specimens were instrumented with a minimum of eight electrical strain gauges 
measuring the strains in the steel reinforcing bars and CFRP strips during testing. 
The locations of the strain gauges on one side of the CFRP strips are shown in 
(Fig. 5.8 Point c, and Fig. 5.9). The orientation of the strain gauges on the CFRP 
strips was made along the fiber direction. They are placed at the middle of the 
steel reinforcing bars and CFRP strips. 
 Restricted Crack width 
By using two LVDT‟s (one in each side), the first crack width was controlled to 
taking place at the center of the specimen where the cross-section was reduced.  
(See Fig. 5.8. Point d) 
 Top and Bottom Plate Slip monitoring 
 By using two LVDT‟s (top/bottom) the slip of top and bottom plate at ultimate limit 
state was determined.     (See Fig. 5.8. Point e) 
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Figure 5.9: The strain gauges at the middle of the steel reinforcing bars and CFRP strips 
5.8 Loading Procedure 
The loading was applied in seven stages as shown in Figure 5.10. Four stages 
were static loading while the other three stages were cyclic loading. The first stage 
(static load) was applied in increments of 10 kN until the first crack appeared. At 
the first crack load, the cracks on the specimen were marked with a heavy felt pen 
and the mechanically measured Demec strains were taken two times on each 
side. Once this process was completed, loading was resumed to the next load 
step. The second stage (cyclic load) was applied with 200.000 cycles. The first 
100.000 cycles had amplitude of 12.5 kN and the second 100.000 cycles had an 
amplitude of 20 kN. After each 100.000 cycles, the cracking on the specimen were 
marked and the mechanically measured Demec strains on each side were taken. 
The frequency applied during all the cyclic testing was 3 cycles/s (3Hz). The third 
stage (static load) was applied in increments of 25 kN. At each load increment, 
cracks were marked and the mechanically measured Demec strains on each side 
were recorded. The stage IV (cyclic load) consisted of 100.000 cycles, the first 
50.000 cycles with an amplitude 12.5 kN and the second 50.000 cycles with an 
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amplitude 20 kN. After each 50.000 cyclic, cracks on the specimen were marked 
and the mechanically measured Demec strains were taken. The stage V (static 
load) consisted of increments of 25 kN until reaching the service load value. At 
each load increment, cracks on the specimen were marked and the mechanically 
measured Demec strains on each side were recorded. Similarly to the previous, 
the stage VI (cyclic load) was applied with 100.000 cycles. The first 50.000 cycles 
with an amplitude of 12.5 kN and the second 50.000 cycles with an amplitude of 
20 kN. Finally, at stage VII (static load), the load was applied in increments of 50 
kN until the maximum load (Failure).  
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Load history 
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Chapter 6 
 
6 Experimental Results and Discussion 
6.1 Introduction 
In this chapter the experimental results are presented and discussed. The 
analytical model proposed in chapter (4) for the calculation of the stresses in the 
steel and fiber reinforcements is validated by comparing with the test results. 
Finally, the measured crack widths are compared with the theoretical values 
obtained by using the proposed simplified expression. The main goal of the 
experimental program was to obtain experimental data and in-depth 
understanding of the different bond behavior and stress redistribution between 
steel reinforcement and CFRP laminate strips.  
To achieve the objective of this research program, a two-phase experimental 
program has been conducted. The first phase included three specimens without 
CFRP strengthening and with different internal steel reinforcement (ASteel) ratios 
used as the reference specimens. While the second phase included seven 
specimens strengthened with different CFRP reinforcement (ACFRP) ratios. The 
influence of the reinforcement ratio (ACFRP/ASteel), the distance between strips, the 
cracking and the type of load (static and cyclic) on the stress redistribution is 
studied. Finally, the comparison between the test results and the proposed 
analytical model, which is presented in Chapter (4), is preformed. 
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6.2 Elongation 
The load-elongation behavior of K5 (ACFRP/ASteel=0.64) and K8 (ACFRP/ASteel=0.96) 
is compared to the unstrengthened specimen (K1) in Fig. 6.1. 
 
 
Figure 6.1: Load-Elongation behavior of specimens K1, K5 and K8 
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The test results indicate nearly identical behavior for all the specimens prior to 
cracking at a load level of 80 kN for specimen (K1), (K5) and 90 kN for specimen 
(K8). After cracking, a nonlinear behavior is observed up to failure. The measured 
stiffnesses for the strengthened specimens (expressed by the slope of the load-
deflection curves) are higher due to the addition of the CFRP strips. The presence 
of CFRP strips precluded the flattening of the load-elongation curve, which is clear 
in the control specimen at the load range of (150 kN) to (170 kN). Prior to yielding 
of the steel reinforcement, at a load level of (160 kN), the stiffnesses of the 
strengthened specimens (K5) and (K8) about are 1.8 (for K5) and 2.0 times higher 
(for K8) than the stiffness of the unstrengthened specimen (K1). Such a 
phenomenon is accompanied with a considerable reduction in crack width and 
crack spacing of the strengthened specimens in comparison to the control 
specimen. The presence of the CFRP strips provided constraints to opening of the 
cracks. Therefore, the elongations are reduced and consequently increased the 
stiffness. After yielding of the steel reinforcement, the stiffness of specimen (K8) 
with reinforcement ratio (ACFRP/ASteel = 0.96) is twice as high as that of the control 
specimen. Increasing the reinforcement ratio from (ACFRP/ASteel=0.64) to 
(ACFRP/ASteel = 0.96) and reducing the spacing between the near surface mounted 
CFRP strips resulted in a more uniform distribution of stresses and smaller crack 
openings. This phenomenon reduced the elongation of the specimen and resulted 
in a considerable increase in stiffness. This is evident by using eight CFRP strips 
instead of four CFRP strips; the observed increase in stiffness is about 18%. For 
the control specimen, the increase in the applied load is negligible after yielding of 
the steel reinforcement. For the strengthened specimens, the load and elongation 
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increased until spalling of the concrete cover governed the failure. This is due to 
the additional strength and stiffness provided by the CFRP strips. 
Fig. 6.2 shows the load-elongation behavior of specimens, (K2), (K6) and (K9). All 
specimens are reinforced with four steel bars (416). The specimens 
strengthened with near surface mounted strips specimen K6 (ACFRP/ASteel = 0.25) 
and specimen K9 (ACFRP/ASteel=0.38) are compared to the unstrengthened 
specimen (K2). 
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Figure 6.2: Load-Elongation behavior of specimens K2, K6 and K9 
Fig. 6.2 clearly indicates that the strength and stiffness of the specimens are 
improved with the addition of the CFRP strips. An identical behavior is observed 
for Specimens (K6) and (K9) up to a load level of 550 kN. After yielding of the 
steel reinforcement, the stiffness of specimens (K6 and K9) is about 1.2 times 
higher than that of the control specimen. 
Fig. 6.3 shows the load-elongation behavior of specimens, (K3), (K7) and (K10) 
with the highest reinforcement ratios. All specimens are reinforced with four steel 
bars (420). The specimens strengthened with near surface mounted strips 
specimen K7 (ACFRP/ASteel =0.16) and specimen K10 with (ACFRP/ASteel=0.24) are 
compared to the unstrengthened specimen (K3). 
The figure indicates that the strength and stiffness of the specimens are improved 
with the addition of the CFRP strips. However, the effect of the CFRP strips is not 
as pronounced as in the previously discussed specimens. After yielding of the 
steel reinforcement, the stiffness of specimens (K7 and K10) is only 1.15 times 
higher than that of the control specimen. Based on the elongation results it can be 
concluded that the elongation behavior for all specimens are not the same and 
depend on the reinforcement ratio (ACFRP/ASteel).  
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Figure 6.3: Load-Elongation behavior of specimens K3, K7 and K10 
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6.3 Tensile Strains and Tension Stiffening 
6.3.1 Tensile strains 
The tensile strain in the CFRP strips for all specimens was measured using 
electrical strain gauges. The measured load versus the maximum measured 
tensile strain for specimen K5 (ACFRP/ASteel = 0.64) and specimen K8 (ACFRP/ASteel 
= 0.96) is shown in Fig. 6.4. 
  
Figure 6.4: Load-tensile strain behavior of CFRP strips for specimens K5 and K8 
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Similar to the load-elongation behavior, the load-tensile strain behavior of the 
CFRP strips is almost linear up to failure of all specimens. Due to analogous 
values of the elastic modulus of the CFRP strips, identical tensile strains are 
observed for specimens (K5) and (K8) up to the first crack load. The measured 
tensile strain in the specimen (K8) is 25 percent lower than those measured in the 
specimen (K5). This is attributed to the relatively high reinforcement ratio 
(ACFRP/ASteel) for specimen (K8). Since the governing mode of failure for 
specimens (K5) and (K8) was concrete cover delamination, the strength of the 
CFRP strips was not fully utilized in tension. No slip was observed in any of the 
two specimens during testing indicating that full composite action between near 
surface mounted CFRP strips and concrete was developed. The load-tensile 
behavior of the specimens, (K6) and (K9) strengthened with CFRP strips with 
reinforcement ratios of (ACFRP/ASteel = 0.25) and (ACFRP/ASteel = 0.38), respectively is 
shown in Fig. 6.5. Strain gauge readings showed nearly behavior for specimens 
(K6) and (K9) until the first crack load. Similarly to the previous the measured 
tensile strain in the specimen (K9) is 25 percent lower than those measured in the 
specimen (K6).  
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Figure 6.5: Load-tensile strain behavior of CFRP strips for specimens K6 and K9 
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The measured load versus the maximum measured tensile strain for of the 
specimen (K7) with reinforcement ratio (ACFRP/ASteel = 0.16) and specimen (K10) 
with reinforcement ratio (ACFRP/ASteel = 0.24) is shown in Fig. 6.6. Similar to the 
load-elongation behavior, the load-tensile strain behavior of the CFRP strips is 
almost linear up to failure of the all specimens. The measured tensile strain in the 
specimen (K10) is 15 percent lower than those measured in the specimen (K7).  
 
 
Figure 6.6: Load-tensile strain behavior of CFRP strips for specimens K7 and K10 
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6.3.2 Tension Stiffening Test Results 
6.3.2.1 Preface 
The typical response of an RC member is shown in Fig. 6.7. The difference 
between the bare bar response and the RC response is the so-called “tension 
stiffening” [9]. Before the first cracking, stresses and strains are theoretically 
uniform along the length of the member. Once the tensile stress in concrete 
reaches the concrete‟s tensile capacity, cracking takes place. It is well known that 
after cracking the concrete between the cracks carries tension and hence, stiffens 
the response of a reinforced concrete member subjected to tension. This stiffening 
effect after cracking is referred to as “tension stiffening” after the formation of the 
first crack. The average stress in the concrete will be reduced, and as further 
cracks develop, the average stress will be further reduced. A summary of the 
effects of tension stiffening is given by CEB [33], Mitchell [42] and Kishi [98]. 
 
 
 
 
 
 
 
 
 
Figure 6.7: Typical response of RC member strengthened with CFRP under direct 
tension 
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6.3.2.2 Load-Strain responses 
Fig.6.8 shows the tension-versus-strain responses of two specimens K1 and K5. 
Specimen K1 is reinforced with four steel bars (diameter 10 mm) only while 
specimen K5 is reinforced with four steel bars (diameter 10 mm) and strengthened 
with four CFRP strips (width 20 mm). Also shown in this figure is the response of 
four bare bars (diameter 10 mm) (i.e., without concrete). As can be seen, the 
presence of CFRP strips in the second specimen has resulted in an increase of 
stiffness before cracking and an increase in the cracking load. After cracking, 
specimen K1 without strengthening shows some tension stiffening, as indicated in 
Fig. 6.8.  
 
Figure 6.8: Load-Strain response for specimen K1and K5 
0 
50 
100 
150 
200 
250 
300 
0 1 2 3 4 5 6 7 8 9 10 
L
o
a
d
 [
k
N
] 
Strain ‰ 
 Bare Steel Bars  
K 1 
K 5 
T 
T 
1
8
0
0
 
(4  10 + 4 x 20 x 2.5) [Af/As= 0.64] 
(4  10) [Af/As= 0.0] 
[state II, 410] 
K 5 
K 1 
Bare Steel Bars 
6  Experimental results and discussion   
113 
 
In the strengthened specimen K5 the steel and CFRP strips at crack locations 
must carry all of the tension in the specimen. When the applied load causes 
yielding of the bar, an abrupt loss of stiffness occurs. A key feature of reinforced 
concrete strengthened with CFRP strips is the ability of the CFRP strips and steel 
bars to bridge across cracks. Hence, at the locations of cracks, the CFRP strips 
help the steel bars to carry tension. This results in a significant increase in tension 
stiffening after cracking, as can be seen in Fig. 6.8. This also enables specimens 
strengthened by CFRP strips to carry loads greater than that of the yield strength 
of the reinforcing bar. Figs. 6.9 and 6.10 show the tension force versus strain 
responses for the specimens containing steel bar diameter of 16mm and 20mm, 
respectively.  
 
Figure 6.9: Load-Strain response for specimen K2 and K6 
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The influence of strengthening with CFRP strips on the tension stiffening is similar 
to the ones observed in the specimen containing steel bar diameter of 10mm. As 
can be seen from Figs. 6.9 and 6.10 as the bar diameter increases (i.e., for the 
larger bar sizes), the beneficial influence of strengthening with CFRP strips on 
tension stiffening is reduced. Also the potential for forming splitting cracks 
increases as the bar diameter increases. This can result in significant reductions 
in tension stiffening in test specimens reinforced with large bar sizes. General the 
specimens strengthened with CFRP strips exhibited larger amounts of tension 
stiffening than the companion un-strengthened specimens and after yielding of the 
reinforcing bar, only those specimens strengthened with CFRP strips showed 
tension stiffening. 
 
Figure 6.10: Load-Strain response for specimen K3 and K7 
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6.4 Crack Pattern and Crack Development  
6.4.1 General 
The whole crack process observed from the first crack to the stabilized crack in all 
specimens was studied during the experimental investigations. The first crack was 
controlled to take place at the center of the specimen by a reduced cross-section 
area, but the other cracks could occur freely since the specimens did not contain 
any stirrups. The change in the length of the specimen and the crack widths at 
selected load levels were determined. The measurements to determine the actual 
crack width are based on the specimen surface and the concrete tensile strain. 
Table 6.1 includes all the major crack width and spacing results related to the 
studies.  
Specimen 
Crack width no [1]  Stabilized Crack  
at Crack 
Load 
[mm]/[kN] 
at End of 3.cyclic 
loading 
[mm]/[kN] 
avg. Crack 
Width  
[mm]/[kN] 
avg. Crack 
Spacing  
[mm]/[kN] 
K1 0.150/80 0.350/100 0.300/144 160/144 
K2 0.085/100 0.265/250 0.180/250 110/250 
K3 0.060/100 0.250/400 0.160/400 100/400 
K4 0.050/90 0.270/240 0.180/260 100/260 
K5 0.050/90 0.240/160 0.190/260 100/260 
K6 0.050/120 0.200/300 0.160/300 100/300 
K7 0.035/150 0.180/450 0.150/450 100/450 
K8 0.045/90 0.145/160 0.180/240 100/240 
K9 0.040/120 0.155/300 0.150/400 100/400 
K10 0.032/150 0.150/450 0.140/450 100/450 
Table 6.1: The crack width and crack spacing for first crack and stabilized crack 
In the following, the crack development from the first crack to the stabilized crack 
for the specimens K4 and K5 is discussed. 
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6.4.2 Specimen (K4) Test Results 
The measured crack width as a function of the applied tensile force is shown in 
Fig. 6.11. Furthermore, the crack development of the specimen K4 was recorded 
in Fig. 6.12. The first crack occurs at a load FCrack=90 kN with a crack width of 
w=0.05 mm (point A). When the load is increased to F=110 kN the crack width 
increases to w=0.10 mm (point B). By increasing the load to F=110 kN an almost 
linear increase in crack width was observed. Due to the occurrence of the 
subsequent cracks 2, 3 and 4, the further increase in the first crack width was 
reduced. At a tension force F=115 kN, crack 5 occurred (point C). When the load 
was increased to F=240 kN, the width of crack 5 reached w=0.3 mm (point D). 
Cracks 6 and 7 occurred at tension forces of F=145 kN and F=146 kN 
respectively, and continued to widen with increasing tension force. Finally, at a 
load of F=240 kN, 9 cracks were obtained with an average crack spacing Sr=100 
mm and an average crack width w=0.180 mm (point Z). 
  
Figure 6.11: Development of crack width over tension force of test specimen (K4) 
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Figure 6.12: Crack Pattern of test specimen (K4) 
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6.4.3 Specimen (K5) Test Results 
The measured crack width as a function of the applied tensile force is shown in 
Fig. (6.13). Furthermore, in Figure (6.14) the cracks occurring in specimen K5 are 
shown. The result differs only slightly compared to specimen K4 with a first crack 
width w=0.05 mm (point A). After the first cyclic load, the first crack width 
increased to w=0.10 mm (point B). With increasing load, the crack width enlarged 
almost linearly (points C to E). Crack 3 occurred at a load F=108 kN with relatively 
large crack spacing and the crack width grew slightly due to cyclic loading. The 
Crack width opened with increasing load. At the load F=240 kN, 8 cracks were 
obtained, with an average crack width w=0.190 mm (Point Z). In general the 
strengthening with Near-Surface Mounted CFRP strips significantly reduced crack 
widths and spacing in strengthened specimens. 
 
Figure 6.13: Development of crack width over tension force of test specimen (K5) 
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Figure 6.14: Crack Pattern of test specimen (K5) 
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6.5 Failure Modes 
The observed mode of failure for almost all specimens was yielding of steel 
reinforcement followed by the concrete cover delamination with/without splitting 
failure of the concrete corner, which originated by a high concentration of bond 
stresses at the level of the steel reinforcement as shown in Fig. 6.15. The failure 
was sudden, brittle, and without warning. In such failure type (concrete cover 
delamination), the strengthened member was not able to reach the maximum 
ultimate strength of the CFRP strips. 
 
  
 
Figure 6.15: Typical failure due to the concrete cover delamination in specimen K10 
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The failure caused by concrete cover delamination failure started at the ends of 
the specimen (see Fig.6.16) and was induced by the high concentrations of bond 
stresses at that point.  
 
 
Figure 6.16: Initial cracking and view of failure from the strengthened end of test 
specimen (K7) 
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Figs. 6.17 and 6.18 show the concrete cover delamination and splitting failure of 
the concrete cover after yielding of the steel reinforcement. 
 
 
 
 
Figure 6.17: Steel reinforcement exposed after yielding of steel reinforcement, K8, view 
of the unstrengthened side. 
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Figure 6.18: Splitting failure of the concrete corner of test specimen K9 
6.5.1 Strain Level 
In general, CFRP strips - strengthened specimens showed considerable 
improvement in strength. The failure load of the test specimens are given in Table 
6.2. For the unstrengthened specimens K1, K2 and K3, yielding of the steel 
occurred at load of approximately 160 kN, 400 kN and 600 kN, respectively. At 
service levels (i.e. before the yielding of the steel reinforcement) and ultimate 
levels, both specimens strengthened with CFRP strips had considerably higher 
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stiffness than the unstrengthened specimens. Ultimate strength increases of up to 
222% were possible for the strengthening configurations studied. As can be seen 
from Table 6.2 the ultimate strength improvements and the strain level in the 
CFRP strips depend on the ACFRP/ASteel ratio. The strain level in the CFRP strips at 
the yielding load was about 2.5 ‰.  
 
Specimen 
Reinforcement area [mm2] 
Failure 
load 
[kN] 
Strength 
improvement 
[%] Asteel ACFRP ACFRP/ASteel  
CFRP ‰ / 
  Fyield [kN] 
CFRP ‰ / 
  FFailure [kN] 
K1 314 ----- ----- ----- ----- 171 ----- 
K2 804 ----- ----- ----- ----- 464 ----- 
K3 1256 ----- ----- ----- ----- 650 ----- 
K4 314 200 0.637 2.62/260 4.97/340 350 204 
K5 314 200 0.637 2.48/260 5.83/360 360 210 
K6 804 200 0.249 2.08/400** 2.72/525** 665* 143 
K7 1256 200 0.159 1.92/600** 1.92/600** 665* 102 
K8 314 300 0.955 2.46/320 2.46/320** 380 222 
K9 804 300 0.373 1.69/400** 2.11/550** 600 129 
K10 1256 300 0.239 1.74/600** 1.74/600** 665* 102 
  *(665kN) is the maximum load which can be reached by the test machine. 
  **(--kN)   is the last load which was measured by the strain gauges. 
Table 6.2: Failure loads and strength improvements 
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6.6 Stress Redistribution 
6.6.1 Typical Development of the Stress Redistribution until the yield load 
The typical development of stress redistribution in the various experimental stages 
is shown in Fig. 6.19 .The relative steel and CFRP stresses fus and fuf are plotted 
as a function of the applied tensile force. 
 
 
 
Figure 6.19: The principle of the stress redistribution development 
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   At the first crack, when F = FR, the stress redistribution fus appeared suddenly 
(point 1), since the crack load is divided based on the bond stiffness between the 
steel/CFRP reinforcement. 
   After the first cyclic load, only minor reduction in the stress redistribution 
occurred (points 2, 3). 
   With the load increasing minor increase in stress redistribution fus occurred 
(points 3, 4). Due to the formation of new cracks (i.e. decrease in the bond lengths 
of steel reinforcement) the stress redistribution fus decreased (points 4, 5). 
   The second cyclic load lead to a decrease in stress redistribution fus (points 5, 
7). The formation of more cracks could be observed which usually changes the 
crack spacing of the first crack (i.e. decrease in the bond lengths of steel 
reinforcement). Also the slips of the CFRP lead to an increase in their force. The 
bond stress of the steel reinforcement during the cyclic load continued decreasing 
which in turn caused continuous stress redistribution.  
   The points from 7 to 10 follow the same behavior of points 3 to 7 previously 
explained. 
   Continues drop in the stress redistribution occurred until the yield load Fyield 
(point 11). That was because the steel reinforcement stress exceeded the yield 
stress point, while the CFRP reinforcement stress was still in the elastic range. 
In the following the results of selected specimens K5 (ACFRP/ASteel=0.64), K8 
(ACFRP/ASteel=0.96) and K10 (ACFRP/ASteel=0.24) are presented and discussed as 
examples for the rest of the specimens. 
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6.6.2 Stress Redistribution for Specimen (K5) with (Af/As = 0.64) 
According to the experimental results in Figure (6.20), the first crack occurs at a 
tensile load FCrack=90.0 kN with a related steel stress fus = 1.18 and CFRP stress 
fuf = 0.51. That is because the steel reinforcement exhibits better bond 
characteristics than the CFRP reinforcement. The steel reinforcement needs a 
shorter bond length les than the CFRP bond length lef. As a result, the steel 
reinforcement stress  s grows over the value   (state ) and the CFRP 
reinforcement receives a smaller stress value  f. After the first cyclic load, the 
steel stress slightly decreases. Under continuous tension load, with the 
second/third cyclic load, the steel stress continues decreasing. 
 
Figure 6.20: Development of the stress redistribution specimen (K5) 
At a tensile force F=160 kN, the stress redistribution decreased to fus=1.06. Due to 
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cracking). In this case, overlaps occur between the CFRP and the steel 
reinforcement bond lengths lef, les respectively, where the steel reinforcement bond 
length les was still fully bonded. Therefore, the stress redistributions for the steel 
reinforcement decreased. At the yield load Fyield=260 kN, the stress redistribution 
decreases to the value fus=1.05. At the final crack state, the steel reinforcement 
stress  s reached approximately the same value as in (state ). As expected, the 
steel reinforcement stress fus and also the CFRP reinforcement stress fuf depend 
on the cracking state. The theoretical limit fuf=1.0 of the stress redistribution of the 
CFRP reinforcement at (state ) was not reached. The value of fuf was 0.72 at 
yield load Fyield=260 kN. At tensile load F=360 kN the specimen failed due to 
concrete cover delamination. 
6.6.3 Stress Redistribution for Specimen (K8) with (Af/As = 0.96) 
The first crack occurs in specimen K8 at tensile force F=90 kN, as shown in Fig. 
6.21 with a steel reinforcement stress of  s=210 N/mm
2 and a steel stress 
redistribution of fus=1.28. After the first cyclic load, the steel stress slightly 
decreases. After the second cyclic load, under continuous load, the steel stress 
continues decreasing. At tensile force F=120 kN, the stress redistribution 
decreases to fus=1.18. At the third cyclic load, the steel stress continues 
decreasing. At a tensile force F=240 kN the stress redistribution decreases to 
fus=1.15. At the yielding load F=260 kN, the stress redistribution decreases to its 
value of fus=1.11 and fuf was 0.68 and the average crack spacing reaches 100 
mm. Similarly as in K5, at tensile load F=360 kN the specimen failed due to 
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concrete cover delamination. The stress redistribution fus and fuf for all specimens 
are given in Tables 6.3 and 6.4. 
 
 Figure 6.21: Development of the stress redistribution specimen (K8) 
 
Reinforcement  
area[mm2] 
Steel/CFRP reinforcement stress fus[-] and fuf [-] 
at crack load Fcrack End of 3.cyclic loading 
Asteel ACFRP ACFRP / Asteel 
Fcrack
[kN] 
fus fuf F[kN] fus fuf 
K4 314 200 0.64 90 1.23 0.44 160 1.12 0.61 
K5 314 200 0.64 90 1.18 0.51 160 1.06 0.71 
K6 804 200 0.25 120 1.03 0.70 300 1.00 0.81 
K7 1256 200 0.16 150 1.02 0.65 450 1.01 0.73 
K8 314 300 0.96 90 1.28 0.50 160 1.15 0.64 
K9 804 300 0.38 120 1.08 0.49 300 1.03 0.64 
K10 1256 300 0.24 150 1.04 0.63 450 1.02 0.70 
Table 6.3: Experimental fus [-] and fuf [-] for specimens (K4 to K10) 
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Steel reinforcement stress fus [-] 
at  
crack load  
Fcrack 
after 
100.000 
cycles 
after 
200.000 
cycles 
after 
300.000 
cycles 
after 
400.000 cycles 
K5 1.18 1.13 1.11 1.08 1.06 
K6 1.03 1.02 1.01 1.00 1.00 
K7 1.02 1.02 1.02 1.01 1.01 
K8 1.28 1.22 1.20 1.18 1.15 
K9 1.08 1.06 1.05 1.04 1.03 
K10 1.04 1.03 1.03 1.03 1.02 
Table 6.4: Experimental fus [-] for specimens (K5) to (K10) 
6.7 Effect of the Reinforcing Ratio (ACFRP/ASteel) 
6.7.1 Effect of the reinforcing ratio (ACFRP/ASteel) on the stress redistribution 
The influence of reinforcement ratio (ACFRP/ASteel) is studied based on the 
experimental results of the specimens K4 to K10. The different reinforcement area 
ratios are summarized previously in Table 5.1. The compressive strength of the 
concrete was kept constant at 25/30 MPa. The reinforcement ratio (ACFRP/ASteel) 
varied between 0.16 and 0.96 by using different steel reinforcement bars 410 
mm in K5 and K8, 416 mm in K6 and K9 and 420 mm in K7 and K10. Thus, in 
addition to the influence of reinforcement ratio (ACFRP/ASteel) the diameters of the 
steel reinforcement bar ds (10, 16, and 20mm) are also varied. In specimen K8 the 
highest reinforcement steel stress fus was observed because the specimen has 
the largest reinforcement ratio (ACFRP/ASteel) and lowest steel reinforcement 
diameter ds (i.e. highest Us/As). Fig. 6.22 shows the development of the stress 
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redistribution from the first crack to the stabilized crack pattern. The tensile forces 
for the initial cracks are 90 kN for K5 and K8. As expected the steel stress fus and 
the CFRP stress fuf depend on the reinforcement ratio (ACFRP/ASteel). At first 
cracking fus in the specimen K8 with the largest reinforcement ratio 
(ACFRP/ASteel=0.96) the steel stress was 28% above state II (fus=1.28) and the 
CFRP stress was 50% below state II (fuf=0.50). While, in the specimen K5 with 
reinforcement ratio (ACFRP/ASteel=0.64) was used, the steel stress was fus=1.18 and 
CFRP stress was fuf=0.51.  
 
 
Figure 6.22: Development of the stress redistribution based on Af/As ratio 
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6.7.2 Effect of the reinforcing ratio (Af/As) on the crack width and spacing 
The effect of the total reinforcement area (ASteel+ACFRP) on the first as well as 
stabilized crack state is illustrated in Figures (6.23) and (6.24). Specimens with 
high (ASteel+ACFRP) values have significantly lower crack widths compared to 
specimens with lower (ASteel+ACFRP) values due to the increased stiffness. 
 
Figure 6.23: First crack widths [mm] based on ACFRP + ASteel [mm
2] area 
 
 
Figure 6.24: Average crack widths [mm] based on ACFRP+ ASteel [mm
2] area 
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In Table (6.5), the crack widths at the first crack load and at the maximum load are 
recoded along with the average crack width, crack spacing and the stabilized 
crack. The results in Table (6.5) show that the specimens with higher   =
     
  
 
ratios have smaller crack widths and smaller spacing due to the increased 
stiffness of the specimens compared to the specimens with lower   =
     
  
  ratios. 
Table 6.5: The influence of the CFRP/Steel reinforcement on the crack width and crack 
spacing 
The crack widths are plotted against the applied load in Fig.6.25 and Fig.6.26 for 
the different test specimens. The figures show the specimens with higher   =
     
  
  
ratios have lower crack width and spacing due to increased stiffness of the 
specimens compared to the specimens with lower   =
     
  
  ratio. 
 
Reinforcement area Crack Width no [1] Stabilized Crack [mm] 
Asteel  
[mm2] 
ACFRP  
[mm2] 
  =
            
         
   
at first crack 
 load Fcrack 
 [mm] / [kN] 
at end of 
3.cyclic  
[mm]/[kN] 
avg. crack 
width  
[mm] / [kN] 
avg.crack 
spacing 
 [mm]/ [kN] 
K1  314 --- 0.071 0.150/080 0.350/100 0.30/144 160/144 
K2  804 --- 0.017 0.085/100 0.265/250 0.18/250 110/250 
K3 1256 --- 0.026 0.060/100 0.250/400 0.16/400 100/400 
K4  314  200 0.011 0.050/090 0.270/240 0.18/260 100/260 
K5  314  200 0.011 0.050/090 0.240/160 0.19/260 100/260 
K6  804  200 0.021 0.050/120 0.200/300 0.16/300 100/300 
K7 1256  200 0.030 0.035/150 0.180/450 0.15/450 100/450 
K8  314  300 0.013 0.045/090 0.145/160 0.18/260 100/260 
K9  804  300 0.023 0.040/120 0.155/300 0.15/400 100/400 
K10 1256  300 0.032 0.030/150 0.150/450 0.14/450 090/450 
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Figure 6.25: Crack widths versus tension force for specimens (K2), (K6) and (K9) 
 
 
 
Figure 6.26: Crack widths versus tension force for specimens (K3), (K7) and (K10) 
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6.7.3 Effect of the reinforcing ratio (ACFRP/ASteel) on the tension stiffening 
Fig.6.27 and Fig.6.28 give the influence of increasing the reinforcing ratio 
(ACFRP/ASteel) from 0.16 to 0.96 on the tension-versus-strain responses of 
specimens K5 to K10 made with the same concrete strength and reinforced with 
four steel bars (diameter 10, 16, and 20 mm). All specimens were strengthened by 
four/six CFRP strips (width 20 mm) while specimen K8 was strengthened with 
eight CFRP strips (width 15 mm). Also shown in the figures is the response four 
bare bars of diameter 10, 16, 20 mm (i.e., without concrete). In general the 
increasing reinforcing ratio (ACFRP/ASteel) has a significant effect on increasing the 
tension stiffening in specimens with smaller bar sizes compared with the 
specimens with large bar sizes (16, 20 mm). Generally it was observed that, the 
potential of forming splitting cracks increases as the steel bar diameter (ds) 
increases. This can result in insignificant reductions in tension stiffening. 
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Figure 6.27: Influence of reinforcement ratio (Af/As) on tension response for specimen 
K5, K6 and K7 
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Figure 6.28: Influence of reinforcement ratio (Af/As) on tension response for specimen 
K8, K9and K10 
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6.8 Effect of the type of loading  
6.8.1 Effect of the type of loading on the stress redistribution 
The differences in the stress redistributions at static and cyclic loads based on test 
experiments for the specimen K4 with static loading and K5 with cyclic loading. 
Both specimens had a reinforcement of four CFRP strips and four steel 
reinforcement bars ds=10 mm (ACFRP/ASteel=0.64). At the level of the first crack the 
steel stress redistribution factors differ only between fus=1.23 (static loading) and 
fus=1.18 (cyclic loading) as shown in Fig.6.29. By increasing the load the stress 
redistribution decreases. However, as expected, the fus curve of specimen K5 
(under cyclic load) is lower than the curve of K4 (under static load) by 
approximately ranged from 3% to 7%. Since the concrete compressive strength in 
both specimens was almost the same, the reason for the difference in stress 
redistribution was due to the different characteristics of the bond stress-slip 
relationship of steel bars under static and cyclic load. At the maximum load of 260 
kN, the steel reinforcement stress in both two specimens was nearly 2% and the 
steel reinforcement stress in both cases reaches the yield strength. The steel 
reinforcement stress fus values depend on the type of load. The steel 
reinforcement stresses fus values for cyclic loading are about 3% to 7% lower 
compared to the static load. The CFRP reinforcement stresses fus values for cyclic 
loading are about 2% to 10% higher compared to the static load, unlike the 
expected and logical. So, this point needs further research. 
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Tension Force [kN] 
90 120 160 180 220 260 300 340 
fus 
Static 
[K4] 
1.23 1.15 1.12 1.11 1.09 1.03 0.91 0.80 
Cyclic 
[K5] 
1.18 1.07 1.06 1.05 1.05 1.05 0.89 0.75 
           
          
 1.04 1.07 1.06 1.06 1.04 0.98 1.02 1.06 
Table 6.6: Experimental fus [-] for specimens [K4] and [K5] 
 
 
Figure 6.29: Development of the stress redistribution based on load type 
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6.8.2 Effect of the type of loading on the crack width and spacing 
Fig. (6.30) shows the influence of loading type on specimen K1 and strengthened 
specimens K4 and K5. As can be seen from this figure, the loading type did not 
significantly affected the crack width. The influence of the static/cyclic load on the 
average crack width development for specimens K4 and K5 is also investigated in 
Table (6.5). By comparing the results of K4 which is tested under the static load 
with specimen K5 which is tested under the cyclic load, the difference on the 
average crack width in specimen K5 increased due to cyclic load less than 5%. 
 
 
 
Figure 6.30: Average crack widths versus tension force for specimens (K1), (K4) and 
(K5) 
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6.8.3 Effect of the type of loading on the tension stiffening 
Fig.6.31 compares the influence of the load type (static/cyclic) on the tension 
responses of specimens K4 and K5. It can be concluded that, after cracking and 
significant deformations, the specimens strengthened with FRP reinforcement 
under static and cyclic load showed almost the same degree of tension stiffening. 
The reason behind obtaining the same degree of tension stiffening was due to the 
insignificant difference of the serviceability state and also the ultimate limit state in 
specimen K4 which is tested under static load and specimen K5 which is tested 
under cyclic load. 
 
Figure 6.31: Effect of loading type on the tension stiffening response 
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6.9 Comparison of analytical models and test results stresses of steel  
      and CFRP reinforcements 
In Table (6.7), the steel reinforcement stress and stress ratio at the first crack 
state for all specimens are experimentally determined and analytically estimated 
based on Equations (6.1), (6.2) and (6.3) that are explained in detail in Chapter 
[4]. The different bond behavior of the steel/CFRP reinforcement is taken into 
consideration based on bond ratio ( 
 
       that was explained in detail in 
Chapter 4 section [4.6.4]. By comparing the measured and the calculated stress 
redistribution values at the first crack state based on the proposed analytical 
model in chapter 4, it can be concluded that the proposed formula gives good 
estimates for the stress redistribution values. 
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               (Smallest diameter of reinforcing steel in the relevant section) 
The effect of the different bond behavior of the fiber and the steel reinforcement is 
affective by high (Af/As) ratios and can be taken into account by scaling the stress 
range in the steel reinforcement calculated under the assumption of perfect bond 
by the factor   ,as described previously in detail in paragraph 4.6.3. 
 
Table 6.7: Experimental and analytical values of fus [-] for specimens [K4 to K10] at the 
state of first cracking 
 
 
 
 
 
 
 
 
 
 
 
 
 
Specimen Experimental fus [-] Calculated fus [-] Experimental/Calculated 
K4 1.23 1.18 1.04 
K5 1.18 1.18 1.00 
K6 1.03 1.05 0.98 
K7 1.02 1.02 1.00 
K8 1.28 1.38 0.93 
K9 1.08 1.12 0.96 
K10 1.04 1.06 0.98 
6  Experimental results and discussion  
144 
 
6.10 Calculation of the Crack Width 
A summary of the most important values of the crack widths of all specimens is 
given in Table (6.8). The crack widths are recorded for the specimens K1 to K10 
at the first crack with crack load FCrack and also at the maximum load Fmax. 
Moreover, the average crack width and the average crack spacing values at the 
stabilized crack are given in Table 6.8. 
Spec-
imen 
First Crack 
Width 
First crack width increasing  
due to cycling load 
Stabilized Crack 
 [mm] 
at 
load 
[kN] 
crack 
width 
[mm] 
after 
100.000 
Load 
cycles 
after 
200.000 
Load 
cycles 
after 
300.000 
Load 
cycles 
after 
400.000 
Load 
cycles 
at 
load 
[kN] 
avg. 
crack 
width 
avg. 
crack 
spacing 
K1 080 0.150 0.170 0.200 0.260 0.350 144 0.30 160 
K2 100 0.085 0.090 0.095 0.180 0.265 250 0.18 110 
K3 100 0.060 0.070 0.085 0.165 0.250 400 0.16 100 
K4 090 0.050 -- -- -- -- 260 0.18 100 
K5 090 0.050 0.080 0.100 0.160 0.240 260 0.19 100 
K6 120 0.050 0.060 0.080 0.150 0.200 300 0.16 100 
K7 150 0.035 0.040 0.050 0.120 0.180 450 0.15 100 
K8 090 0.045 0.055 0.060 0.095 0.145 260 0.18 100 
K9 120 0.040 0.045 0.050 0.120 0.155 400 0.15 100 
K10 150 0.032 0.035 0.040 0.050 0.150 450 0.14 090 
 
Table 6.8: The influence of the cyclic loading on the crack width and crack spacing 
 
The crack width of all specimens is checked with the two proposed simplified 
expressions [Eq.6.6 and Eq.6.7]. These equations are based on the CFRP 
reinforcement stress  CFRP which has a significant influence on the crack width 
and also based on the steel reinforcement stress  steel which always has a 
significant influence on the crack width in concrete structures without 
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strengthening. So, the crack width was caused by the difference between the 
elongation of the CFRP strips and the elongation of the concrete at the same 
level. Therefore, the crack width could be taken as the elongation of the CFRP 
strips minus the elongation of the concrete between adjacent cracks Equation 
(6.4) or elongation of the steel reinforcement minus the elongation of the concrete 
between adjacent cracks Equation (6.5). 
wcr = f lcr - c lcr   (6.4) 
wcr = s lcr - c lcr   (6.5) 
where wcr is the average crack width, f is the average tensile strain in CFRP 
strips, , s is the average tensile strain in steel reinforcement, lcr is the average 
crack spacing and c is the average tensile strain in concrete at the same level as 
the reinforcement. The elongation of concrete due to the flexural effect is minor 
and can be ignored. Moreover, by ignoring the term, c lcr, in Equations (6.4) and 
(6.5), a conservative estimate is produced. Thus, the average crack width can be 
taken as the elongation of the CFRP strips [Eq.6.6] or steel reinforcement 
between two cracks [Eq.6.7], 
wcr = f lcr  (6.6) 
wcr = s lcr  (6.7) 
According to many researchers [118][75][73][129], the average crack spacing in 
RC members has an obvious relation to the thickness of the concrete cover, the 
diameter of reinforcement bars and the spacing between bars. So the average 
crack spacing lcr can be calculated as follows 
lcr =  ·d

  (6.8) 
where  
lcr  the crack spacing  
 the crack spacing factor;  
 = 1.25    for average crack spacing 
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d =      
 
 
 
 
               controlling cover distance, as illustrated in Fig.6.32   (6.9) 
dc the concrete cover  
s the average spacing between the reinforcement bars 
 
 
 
Figure 6.32: Controlling cover distance [73] 
 
 
 
Specimen 
at  
load 
[kN] 
Measured crack Spacing [mm] 
Calculated 
Crack Spacing 
[mm] 
Minimum Crack 
Spacing 
Maximum Crack 
Spacing 
Average Crack 
Spacing 
K4 260 46 147 100 095 
K5 260 29 127 100 095 
K6 300 67 155 100 112 
K7 450 49 172 120 111 
K8 260 40 204 100 095 
K9 400 49 196 110 112 
K10 450 50 142 090 111 
 
Table 6.9: Measured and calculated crack spacing 
 
d* 
S/2 
S 
dc 
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The proposed average crack width formula developed here is compared with the 
experimental results as tabulated in Tables (6.10) and (6.11). 
 
Specimen 
CFRP strips 
strain [‰] 
Measured average  
Crack Width [mm] 
Predicted average  
Crack Width [mm] 
Measured/ 
Predicted 
Crack Width 
K4 2.20 0.180 0.200 0.90 
K5 2.28 0.190 0.210 0.90 
K6 1.60 0.160 0.180 0.89 
K7 1.52 0.150 0.160 0.94 
K8 1.70 0.180 0.160 1.12 
K9 1.55 0.150 0.170 0.88 
K10 1.30 0.140 0.140 1.00 
 
Table 6.10: Comparison of measured and predicted average crack widths base on CFRP 
strips strain (equation 6.6) 
 
 
Specimen 
Steel 
reinforcement 
strain [‰] 
Measured average  
Crack Width [mm] 
Predicted average  
Crack Width [mm] 
Measured/ 
Predicted 
Crack Width 
K4 2.5 0.180 0.24 0.75 
K5 2.5 0.190 0.24 0.80 
K6 1.60 0.160 0.18 0.88 
K7 1.60 0.150 0.18 0.83 
K8 1.60 0.180 0.15 1.20 
K9 1.80 0.150 0.20 0.75 
K10 1.10 0.140 0.12 1.17 
 
Table 6.11: Comparison of measured and predicted average crack widths base on steel 
reinforcement strain (equation 6.7) 
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Figure 6.33: Comparison of measured and predicted average crack widths based on 
CFRP strips strains (equation 6.6) 
 
 
 
 
Figure 6.34: Comparison of measured and predicted average crack widths based on 
steel strains (equation 6.7) 
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The mean ratios of the measured to the predicted average crack based on the 
CFRP-strains Equation (6.6) width values are in a close range (within 6% to 14%), 
because the CFRP strip strain was nearly equal to the surface strain. The 
predicted values differ more (within 12% to 25% difference) when the calculation 
is based on Equation (6.7). So Table 6.10 gives further evidence that the 
proposed formula of Equation (6.6) is applicable to steel reinforced members 
strengthened with CFRP strips. Thus, the proposed formula which calculates the 
average crack is applicable to the steel reinforced members strengthened with 
CFRP strips. 
 
6.11 Crack Width Control 
The evaluation of crack width and crack spacing is generally required in the 
serviceability stage for RC members strengthened with NSM CFRP strips. 
According to more or less aggressive conditions, crack width shall be limited in 
order to avoid failure caused by concrete cover delamination, before yielding of 
the steel reinforcement. The presence of the CFRP strips on the concrete cover 
lead to lower crack width, although the steel reinforcement is yielding. Based on 
the current study, it is shown that the specimens [K4, K5 and K8] with higher 
(ACFRP/ASteel) ratio have lower crack width and spacing due to increased stiffness 
of the specimens compared to the specimens [K6, K7, K9 and K10] with lower 
(ACFRP/ASteel) ratios. To prevent the concrete cover delamination for RC members 
strengthened with NSM CFRP strips, the crack width limiting values presented in 
Table 6.12 was proposed.  
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Exposure class 
Limiting Crack widths wpro [in mm] 
(ACFRP/ASteel)  0.50 (ACFRP/ASteel)  0.50 
1.2 0.20 0.25 
3.4 0.15 0.20 
Table 6.12: Crack width limits proposed for RC members strengthened with CFRP 
strips 
For verification of crack width, the following inequality should be observed,  
 
wk  wpro  
 
where  
wk      denotes the characteristic crack width calculated as in clause (6.10) 
wpro    denotes the proposed value of crack width as in Table (6.12) 
 
 
 
 
6.12 Detailing Requirements 
In general, detailing of the near surface mounted reinforcement is as important 
issue, in order to use the most suitable FRP cross section and groove dimensions. 
In the design the minimum distance between adjacent reinforcement should be 
considered to avoid horizontal propagation of the splitting cracks (ref. to Section 
6.2.6). In addition, the minimum distance from the edge of the member should be 
considered to avoid edge splitting effect [20]. 
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The effect of the distance between strips on the failure mode was studied and is 
illustrated in Table (6.13). The distance between strips was varied from 44 mm to 
70 mm.  Also the edge distance was varied from 44 mm to 75 mm.  The specimen 
K8 with the minimum edge distance [44] the failure was edge splitting (see Table 
6.13). Based on the specimens K5 and K9, the distance between strips was also 
studied. With specimen K9 having the smaller distance compared to specimen K5, 
the concrete between the strips was spalled off completely (see Table 6.13). So 
based on the test results the following values ed and s are suggested. (see Fig. 
6.35) 
specimen K 5 K 9 K 8 
Cross 
section 
   
mode of 
failure 
 
 
 
Table 6.13: The influence of the edge distance and distance between strips on the 
failure mode 
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Figure 6.35: Spacing of the NSM reinforcement 
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(1) Groove size: 
(a) Grooves width (gw): 
 The minimum dimension of the grooves width should be at least equal to :           
(Strip thickness + 3.0 mm) 
 The maximum dimension of the grooves width should be limited to :        
(Strip thickness + 5.0 mm) 
 
(b) Grooves depth (gd): 
 The minimum dimension of the grooves depth should be at least : 
 (Strip depth + 3.0 mm) 
  The maximum dimension of the grooves depth is the minimum of : 
 (Strip depth + 5.0 mm) or (Concrete cover – 5.0 mm), 
 in order to avoid cutting of the existing steel reinforcement 
 
(2) The minimum distance of the strips (s): 
 The minimum dimension between the grooves should be at least: 
     (2 x Strip depth + 5.0 mm) 
 
(3) The minimum edge distances (ed): 
 To avoid a splitting failure of the concrete corner  
 The minimum edge distance at least equal to: whichever is greater 
 (2 x Strip depth), (concrete cover + Strip depth), (50 mm) or 
(2 x the maximum aggregate size) 
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Chapter 7 
 
 
 7  Summary and Conclusions 
The study presented herein is aimed at investigating the influence of different 
bond behavior and the stress redistribution in RC members strengthened by 
CFRP strips under static and cyclic loading. In addition, the influence of 
strengthening by NSM CFRP strips on the tension stiffening and cracking of 
reinforced concrete members has been studied. In this research an analytical 
model is proposed that takes into account the influence of different bond behavior 
and stress redistribution between steel reinforcement and CFRP strips on stress 
limitation and crack control under service loadings (SLS). Ten uniaxial tensile 
tests were cast and tested. Based on the experimental results and theoretical 
analysis, the main conclusions can be summarized into two categories as follows: 
(a) Stress redistribution, the crack width and crack spacing: 
  
(a 1) The values of the steel reinforcement stress fus and also the CFRP strips 
stress fuf depend on the cracking state and the reinforcement ratio 
(ACFRP/ASteel). 
(a 2) The specimens with higher (ACFRP/ASteel) ratio have lower crack widths 
and crack spacings due to increased stiffness of the specimens 
compared to the specimens with lower (ACFRP/ASteel) ratios. 
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(a 3) The effect of the different bond behavior of CFRP strips and steel        
reinforcement can be taken into account by scaling the stress range in 
the steel reinforcement calculated under the assumption of perfect bond 
by the factor f. 
(a 4) The proposed formula which calculates the average crack width is 
applicable to the steel reinforced members strengthened with CFRP 
strips. 
(a 5) The proposed analytical model for calculating the stress redistribution 
values gives a good estimate compared to the test results. 
 
 
(b) Tension stiffening: 
(b 1) The specimens strengthened with CFRP strips exhibited a larger tension 
stiffening effect than similar unstrengthened specimens. 
(b 2) After yielding of the reinforcing steel bars, only those specimens 
strengthened by CFRP strips showed tension stiffening. 
(b 3) The potential of forming splitting cracks increases as the reinforcing bar 
diameter increases. For larger bar sizes the beneficial influence of 
strengthening by CFRP strips on tension stiffening is reduced. 
(b 4) The reinforcing ratio (ACFRP/ASteel) has a significant effect on increasing 
the tension stiffening in specimens with smaller reinforcing bar sizes 
compared with specimens with larger bar sizes. 
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Scope for Future Work 
For future work it is recommended to study the influence of different bond 
behavior and stress redistribution between steel reinforcement and CFRP strips 
on stress limitation and crack control under service loadings in post-tensioned and 
prestressed members strengthened with near-surface mounted (NSM) CFRP 
strips. In addition the influence of creep should be considered. 
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Appendix-A 
Test results 
 
Table A.1 Specimen K1 
 K1 
 
fck = 28.1 N /mm ² 
fct = 2.31 N /mm ² 
Ec = 28400 N /mm ² 
 
Aconcrete  = 437.86 cm² 
Asteel  =  3.14  cm² 
ACFRP  =  0.00  cm² 
ACFRP / Asteel = 0.00 
First crack load                                                                                     Fcrack = 80.0 KN 
Max. load                                                                                              Fmax = 170.5  KN  
crack width no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
at first crack load w = 0.150
 f = 0.278
 
End of 1.cyclic loading  [80 kN] w = 0.200 f = 0.499 
End of 2.cyclic loading  [90 kN] w = 0.260
 f = 1.082
 
End of 3.cyclic loading [100 kN] w = 0.350 f = 2.128 
Stabilized cracking 
average crack spacing [144 kN] Sm        = 160 mm 
average crack width [144 kN] w        = 0.300 mm 
4  10 
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Table A.2 Specimen K2 
 K2 
fck = 30.6 N /mm ² 
fct = 2.83 N /mm ² 
Ec = 30200 N /mm ² 
 
Aconcret = 432.96 cm² 
Asteel =  8.04  cm² 
ACFRP =  0.00  cm² 
ACFRP / Asteel = 0. 00 
First crack load                                                                               Fcrack = 100 KN 
Max. load                                                                                        Fmax  = 464  KN 
crack width no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
At first crack load w = 0.085
 f = 0.120
 
End of 1.cyclic loading  [100 kN] w = 0.095 f = 0.190 
End of 2.cyclic loading  [160 kN] w = 0.180
 f = 1.150
 
End of 3.cyclic loading  [250 kN] w = 0.265 f = 1.880 
Stabilized 
cracking 
average crack spacing [250 kN] sm        = 110 mm  
average crack width [250 kN] w       = 0.18 mm 
4  16 
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Table A.3 Specimen K3 
 
 K3 
fck = 32.8 N /mm ² 
fct = 2.48 N /mm ² 
Ec= 31000 N /mm ² 
 
Aconcret  = 428.44 cm² 
Asteel  = 12.56 cm² 
ACFRP  =  0.00  cm² 
ACFRP / Asteel = 0. 00 
First crack load                                                                                       Fcrack = 100 KN 
Max. load                                                                                                 Fmax = 650 KN 
crack width no [1] 
w [mm] 
and  
Elongation  
f  [mm] 
At first crack load  w = 0.060
 f = 0.170
 
End of 1.cyclic loading  [100 kN] w = 0.085 f = 0.335 
End of 2.cyclic loading  [250 kN] w = 0.165
 f = 1.180
 
End of 3.cyclic loading  [400 kN] w = 0.250 f = 2.000 
Stabilized cracking 
average crack spacing [400 kN] Sm        = 100 mm  
average crack width [400 kN] w      = 0.160 mm 
4  20 
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Table A.4 Specimen K4 
 K4 
fck = 29.5 N /mm ² 
fct = 2.30 N /mm ² 
Ec = 26700 N /mm ² 
 
Aconcrete  = 435.86 cm² 
Asteel  =  3.14  cm² 
ACFRP  =  2.00  cm² 
ACFRP / Asteel = 0.64 
first crack load                                                                                      Fcrack = 90.0 KN 
Max. load                                                                                              Fmax= 350 KN 
Steel Stress  
and  
CFRP Stress 
At first crack load fus = 1.23
 fuf = 0.44
 
End of load [120KN] fus = 1.15 fuf = 0.56 
End of Load [160KN] fus = 1.12
 fuf = 0.61
 
End of Load [240KN] fus = 1.08 fuf = 0.68 
End of Load [260KN] fus = 1.03 fuf = 0.76 
crack width no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
At first crack load w = 0.05
 f = 0.11
 
End of Load [120KN] w = 0.15 f = 0.75 
End of Load [160KN] w = 0.22
 f = 1.30
 
End of Load [240KN]  w = 0.27 f = 2.35 
Stabilized cracking  
average crack spacing [260 kN] sm        = 100 mm 
average crack width [260 kN] w      = 0.18 mm 
4  10 
4 L [20x2.5] 
    =
      
   
 
    =
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Table A.5 Specimen K5 
 
 
 K5 
fck = 32.10 N /mm ² 
fct = 2.47 N /mm ² 
Ec = 25700 N /mm ² 
 
Aconcrete  = 435.86 cm² 
Asteel  =  3.14  cm² 
ACFRP  =  2.00  cm² 
ACFRP / Asteel = 0.64 
first crack load                                                                                      Fcrack = 90   KN 
Max. load                                                                                              Fmax = 360.0 KN 
Steel Stress  
and  
CFRP Stress 
At first crack load  fus = 1.18
 fuf = 0.51
 
End of 1. Cyclic loading [90 kN] fus = 1.11 fuf = 0.62 
End of 2. Cyclic loading [120 kN] fus = 1.07
 fuf = 0.69
 
End of 3. Cyclic loading [160 kN] fus = 1.06 fuf = 0.71 
crack width no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
At first crack load  w = 0.050
 f = 0.125
 
End of 1. Cyclic loading [90 kN] w = 0.100 f = 0.140 
End of 2. Cyclic loading [120 kN] w = 0.160
 f = 0.900
 
End of 3. Cyclic loading [160 kN] w = 0.240 f = 1.380 
Stabilized cracking  
average crack spacing [260 kN] sm        = 100 mm 
average crack width [260 kN] 
w      = 0.190 mm 
    =
      
   
 
    =
     
   
 
4  10 
4 L [20x2.5] 
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Table A.6 Specimen K6 
 
 K6 
fck = 26.90 N /mm ² 
fct = 2.76   N /mm ² 
Ec = 28900 N /mm ² 
 
Aconcrete  = 431.0 cm² 
Asteel  =  8.04  cm² 
ACFRP  =  2.00  cm² 
ACFRP / Asteel = 0.25 
First crack load                                                                                       Fcrack = 120.0 KN 
Max. load                                                                                                 Fmax = 665.0 KN 
Steel Stress  
and  
CFRP Stress 
first crack load  fus = 1.03
 fuf = 0.70
 
End of 1. Cyclic loading [120 kN] fus = 1.01 fuf = 0.77 
End of 2. Cyclic loading [220 kN] fus = 1.00
 fuf = 0.81
 
End of 3. Cyclic loading [300 kN] fus = 1.00 fuf = 0.81 
crack width no [1] 
w (mm) 
and  
total Elongation  
f  [mm] 
first crack load  w = 0.050
 f = 0.232
 
End of 1. Cyclic loading [120 kN] w = 0.080 f = 0.340 
End of 2. Cyclic loading [220 kN] w = 0.150
 f = 1.098
 
End of 3. Cyclic loading [300 kN] w = 0.200 f = 1.600 
Stabilized 
cracking 
average crack spacing [300 kN] sm        = 100 mm 
average crack width [300 kN] w      = 0.16 mm 
    =
      
   
 
    =
     
   
 
4  16 
4 L [20x2.5] 
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Table A.7 Specimen K7 
 K7 
fck = 29.10 N /mm ² 
fct = 2.35   N /mm ² 
Ec = 27600 N /mm ² 
 
Aconcrete  = 426.44 cm² 
Asteel  =  12.56  cm² 
ACFRP  =  2.00  cm² 
ACFRP / Asteel = 0.16 
first crack load                                                                                        Fcrack = 150.0 KN 
Max. load                                                                                                Fmax= 665.0 KN 
Steel Stress  
and  
CFRP Stress 
first crack load fus = 1.02
 fuf = 0.65
 
End of 1. Cyclic loading [150 kN] fus = 1.02 fuf = 0.68 
End of 2. Cyclic loading [300 kN] fus = 1.01
 fuf = 0.73
 
End of 3. Cyclic loading [450 kN] fus = 1.01 fuf = 0.73 
crack width no [1] 
w (mm) 
and  
total Elongation  
f  [mm] 
first crack load w = 0.035
 f = 0.250
 
End of 1. Cyclic loading [150 kN] w = 0.050 f = 0.300 
End of 2. Cyclic loading [300 kN] w = 0.120
 f = 1.000
 
End of 3. Cyclic loading [450 kN] w = 0.180 f = 1.650 
Stabilized cracking  
average crack spacing [450 kN] sm        = 100 mm 
average crack width [450 kN] w      = 0.15 mm 
    =
      
   
 
    =
     
   
 
4  20 
4 L [20x2.5] 
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Table A.8 Specimen K8 
 K8 
fck = 29.60 N /mm ² 
fct = 2.77   N /mm ² 
Ec = 25000 N /mm ² 
 
Aconcrete  = 434.86 cm² 
Asteel  =  3.14  cm² 
ACFRP  =  3.00  cm² 
ACFRP / Asteel = 0.96 
First crack load                                                                                      Fcrack = 90.0 KN 
Max. load                                                                                              Fmax = 380.0 KN 
Steel Stress  
and  
CFRP Stress 
first crack load fus = 1.28
 fuf = 0.50
 
End of 1. Cyclic loading [90 kN] fus = 1.20 fuf = 0.58 
End of 2. Cyclic loading [120 kN] fus = 1.18
 fuf = 0.60
 
End of 3. Cyclic loading [160 kN] fus = 1.15 fuf = 0.64 
   
crack width  no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
first crack load  w = 0.045 f = 0.105 
End of 1. Cyclic loading [90 kN] w = 0.060 f = 0.130 
End of 2. Cyclic loading [120 kN] w = 0.095
 f = 0.600
 
End of 3. Cyclic loading [160 kN] w = 0.145 f = 1.100 
Stabilized cracking  
average crack spacing [260 kN] sm        = 100 mm 
average crack width [260 kN] w      = 0.180 mm 
    =
      
   
 
    =
     
   
 
4  10 
8 L [15x2.5] 
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Table A.9 Specimen K9 
 K9 
fck = 30.10 N /mm ² 
fct = 2.64   N /mm ² 
Ec = 27400 N /mm ² 
 
Aconcrete  = 429.96 cm² 
Asteel  =  8.04  cm² 
ACFRP  =  3.00  cm² 
ACFRP / Asteel = 0.38 
First crack load                                                                                    Fcrack = 120.0 KN 
Max. load                                                                                              Fmax = 600.0 KN 
Steel Stress  
and  
CFRP Stress 
first crack load fus = 1.08
 fuf = 0.49
 
End of 1. Cyclic loading [120 kN] fus = 1.05 fuf = 0.58 
End of 2. Cyclic loading [220 kN] fus = 1.04
 fuf = 0.61
 
End of 3. Cyclic loading [300 kN] fus = 1.03 fuf = 0.64 
crack width  no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
first crack load w = 0.040
 f = 0.300
 
End of 1. Cyclic loading [120 kN] w = 0.050 f = 0.325 
End of 2. Cyclic loading [220 kN] w = 0.120
 f = 0.850
 
End of 3. Cyclic loading [300 kN] w = 0.155 f = 1.500 
Stabilized cracking  
average crack spacing [400 kN] sm        = 100 mm 
average crack width [400 kN] w      = 0.150 mm 
    =
      
   
 
    =
     
   
 
4  16 
6 L [20x2.5] 
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Table A.10 Specimen K10 
 K10 
 
fck = 27.50 N /mm ² 
fct = 2.78   N /mm ² 
Ec = 25400 N /mm ² 
 Aconcrete  = 425.44 cm² 
Asteel  =  12.56  cm² 
ACFRP =  3.00  cm² 
ACFRP / Asteel = 0.24 
First crack load                                                                                     Fcrack = 150.0 KN 
Max. load                                                                                              Fmax = 665.0 KN 
Steel Stress  
and  
CFRP Stress 
first crack load fus = 1.04
 fuf = 0.63
 
End of 1. Cyclic loading [150 kN] fus = 1.03 fuf = 0.68 
End of 2. Cyclic loading [300 kN] fus = 1.03
 fuf = 0.68
 
End of 3. Cyclic loading [450 kN] fus = 1.02 fuf = 0.70 
crack width  no [1] 
w [mm] 
and  
total Elongation  
f  [mm] 
first crack load w = 0.032
 f = 0.200
 
End of 1. Cyclic loading [150 kN] w = 0.040 f = 0.270 
End of 2. Cyclic loading [300 kN] w = 0.050
 f = 0.908
 
End of 3. Cyclic loading [450 kN] w = 0.150 f = 1.603 
Stabilized cracking  
average crack spacing [450 kN] sm        = 90 mm 
average crack width [450 kN] w      = 0.14 mm 
    =
      
   
 
    =
     
   
 
4  20 
6 L [20x2.5] 
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Appendix-B 
Crack Pattern 
 
Appendix B.1 Specimen K1 
 
 
4  10 
[Crack No / Load (kN)] 
[01 / 080] [01 / 080] 
[02 / 086] [02 / 086] 
[09 / 144] 
[03 / 103] 
[05 / 103] 
[04 / 103] 
[07 / 120] 
[08 / 144] 
[06 / 117] 
[10 / 144] 
[09 / 144] 
[03 / 103] 
[05 / 103] 
[04 / 103] 
[07 / 120] 
[08 / 144] 
[06 / 117] 
[10 / 144] 
Back Side Front Side 
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Appendix B.2 Specimen K2 
 
 
4  16 
[Crack No / Load (kN)] 
[09 / 162] 
[04 / 105] 
[12 / 255] 
[07 / 139] 
[10 / 245] 
[02 / 102] 
[01 / 100] 
[05 / 120] 
[03 / 105] 
[06 / 135] 
[13 / 255] 
Back Side Front Side 
[08 / 155] 
[09 / 162] 
[04 / 105] 
[12 / 255] 
[07 / 139] 
[10 / 245] 
[02 / 102] 
[01 / 100] 
[05 / 120] 
[03 / 105] 
[06 / 135] 
[11 / 255] 
[08 / 155] 
[11 / 255] 
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Appendix B.3 Specimen K3 
 
 
4  20 
[Crack No / Load (kN)] 
[07 / 206] 
[09 / 250] 
[11 / 400] 
[06 / 200] 
[10 / 250] 
[02 / 100] 
[01 / 100] 
[04 / 162] 
[03 / 100] 
[08 / 236] 
[13 / 560] 
Back Side Front Side 
[05 / 178] 
[12 / 500] 
[14 / 600] 
[07 / 206] 
[09 / 250] 
[11 / 400] 
[06 / 200] 
[10 / 250] 
[02 / 100] 
[01 / 100] 
[04 / 162] 
[03 / 100] 
[08 / 236] 
[13 / 560] 
[05 / 178] 
[12 / 500] 
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Appendix B.4 Specimen K4 
 
 
 
4  10 
[Crack No / Load (kN)] 
[07 / 146] 
[03 / 108] 
[06 / 145] 
[09 / 180] 
[02 / 104] 
[01 / 090] 
[05 / 115] 
[04 / 110] 
[05 / 115] 
[06 / 145] 
[03 / 108] 
[04 / 110] 
[01 / 090] [01 / 090] 
[05 / 115] 
[04 / 110] 
[03 / 108] 
[02 / 104] 
[08 / 175] 
[02 / 104] 
120 kN 160 kN 240 kN 
4 L  
[20x2.5
] 
[07 / 146] 
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Appendix B.5 Specimen K5 
 
 
 
 
 
4  10 
[Crack No / Load (kN)] 
[07 / 160] 
[04 / 110] 
[08 / 240] 
[06 / 110] 
[01 / 090] 
[05 / 110] 
[02 / 095] 
[05 / 110] 
[04 / 110] 
[02 / 095] 
[01 / 090] 
[06 / 110] 
120 kN 160 kN 240 kN 
[03 / 108] 
[05 / 110] 
[02 / 095] 
[04 / 110] 
[03 / 108] 
[06 / 110] 
[01 / 090] 
[07 / 160] 
[03 / 108] 
4 L  
[20x2.5
] 
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Appendix B.6 Specimen K6 
 
 
 
 
 
4  16 
[Crack No / Load (kN)] 
[04 / 220] 
[10 / 220] 
[09 / 220] 
[07 / 220] 
[01 / 120] 
[06 / 220] 
[05 / 220] 
[06 / 220] 
[02 / 200] 
[08 / 220] 
[01 / 120] 
[03 / 220] 
220 kN 300 kN 450 kN 
[03 / 220] 
[06 / 220] 
[05 / 220] 
[02 / 200] 
[03 / 220] 
[07 / 220] 
[01 / 120] 
[04 / 220] 
[02 / 200] 
[04 / 220] 
[10 / 220] 
[09 / 220] 
[08 / 220] 
[07 / 220] 
[05 / 220] 
4 L  
[20x2.5
] 
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Appendix B.7 Specimen K7 
 
 
 
 
 
4  20 
[Crack No / Load (kN)] 
[04 / 190] 
[02 / 170] 
[01 / 150] 
[03 / 180] 
[06 / 300] 
[03 / 180] 
[07 / 300] 
[06 / 300] 
[01 / 150] 
300 kN 350 kN 400 kN 
[04 / 190] 
[03 / 180] 
[05 / 200] 
[07 / 300] 
[02 / 170] 
[01 / 150] 
[07 / 300] 
[05 / 200] 
[04 / 190] 
[06 / 300] 
[02 / 170] 
[05 / 200] 
4 L  
[20x2.5
] 
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Appendix B.8 Specimen K8 
 
 
 
 
      
4  10 
[Crack No / Load (kN)] 
[04 / 120] 
[03 / 090] 
[01 / 090] 
[02 / 090] 
[02 / 090] 
[05 / 120] 
[01 / 090] 
120 kN 160 kN 200 kN 
[04 / 120] 
[02 / 090] 
[06 / 160] 
[03 / 090] 
[01 / 090] 
[05 / 120] 
[04 / 120] 
[05 / 120] 
[03 / 090] 
[06 / 160] 
[07 / 200] 
[08 / 200] 
8 L  
[15x2.5
] 
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Appendix B.9 Specimen K9 
 
 
 
 
 
4  16 
[Crack No / Load (kN)] 
[02 / 120] 
[08 / 220] 
[01 / 120] 
[05 / 220] [05 / 220] 
[01 / 120] 
220 kN 300 kN 350 kN 
[02 / 120] 
[05 / 220] 
[04 / 120] 
[03 / 120] 
[01 / 120] 
[06 / 120] 
[02 / 120] 
[06 / 120] 
[03 / 120] 
[06 / 120] 
[07 / 220] 
[04 / 120] 
[07 / 220] 
[03 / 120] 
[04 / 120] 
[09 / 290] 
[08 / 220] 
[07 / 220] 
[09 / 290] 
[08 / 220] 
6 L  
[20x2.5
] 
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Appendix B.10 Specimen K10 
 
 
 
 
 
4  20 
[Crack No / Load (kN)] 
[06 / 200] 
[06 / 200] 
[01 / 150] 
[08 / 225] [08 / 225] 
[01 / 150] 
250 kN 300 kN 350 kN 
[02 / 175] 
[08 / 225] 
[07 / 200] 
[11 / 300] 
[01 / 150] 
[04 / 175] 
[06 / 200] 
[04 / 175] 
[11 / 300] 
[04 / 175] 
[05 / 175] 
[03 / 175] 
[05 / 175] 
[03 / 175] 
[02 / 175] 
[10 / 300] 
[14 / 350] 
[02 / 175] 
[10 / 300] 
[09 / 225] 
[07 / 200] 
[05 / 175] 
[09 / 225] 
[03 / 175] 
[14 / 350] 
[13 / 350] 
[09 / 225] 
[07 / 200] 
[12 / 350] [12 / 350] 
6 L  
[20x2.5
] 
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Appendix-C 
Elongation results 
Appendix C.1 Specimen K1 
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Appendix C.2 Specimen K2 
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Appendix C.3 Specimen K3 
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Appendix C.4 Specimen K4 
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Appendix C.5 Specimen K5 
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Appendix C.6 Specimen K6 
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Appendix C.7 Specimen K7 
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Appendix C.8 Specimen K8 
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Appendix C.9 Specimen K9 
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Appendix C.10 Specimen K10 
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Appendix-D 
Tension Stiffening results 
Appendix D.1 Specimen K1 
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Appendix D.2 Specimen K2 
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Appendix D.3 Specimen K3 
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Appendix D.4 Specimen K4 
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Appendix D.5 Specimen K5 
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Appendix D.6 Specimen K6 
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Appendix D.7 Specimen K7 
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Appendix D.8 Specimen K8 
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Appendix D.9 Specimen K9 
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Appendix D.10 Specimen K10 
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Appendix-E 
CFRP Strain 
 
Appendix E.1- Specimen K5 
 
 
Appendix E.2- Specimen K6 
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Appendix E.3- Specimen K7 
 
 
Appendix E.4- Specimen K8 
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Appendix E.5- Specimen K9 
 
 
Appendix E.6- Specimen K10 
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Appendix-F 
Stress Redistribution 
 
 
Appendix F.1- Specimen K4 
 
 
Appendix F.2- Specimen K5 
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Appendix F.3- Specimen K6 
 
 
Appendix F.4- Specimen K7 
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Appendix F.5- Specimen K8 
 
 
Appendix F.6- Specimen K10 
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